University of Alabama in Huntsville

LOUIS
Dissertations

UAH Electronic Theses and Dissertations

2018

Temporal evolution of the plasma sheath surrounding solar cells
in low earth orbit and its effect on spacecraft charge collection
Emily M. Willis

Follow this and additional works at: https://louis.uah.edu/uah-dissertations

Recommended Citation
Willis, Emily M., "Temporal evolution of the plasma sheath surrounding solar cells in low earth orbit and its
effect on spacecraft charge collection" (2018). Dissertations. 159.
https://louis.uah.edu/uah-dissertations/159

This Dissertation is brought to you for free and open access by the UAH Electronic Theses and Dissertations at
LOUIS. It has been accepted for inclusion in Dissertations by an authorized administrator of LOUIS.

ACKNOWLEDGMENTS

I am grateful for all of the teachers, professors, colleagues, managers, and
friends who have provided mentoring and support over the years. I am especially
thankful for the leadership, advice, and patience of my advisor, Dr. Maria Pour, and
for the time and guidance from all of my committee members.
I am indebted to my friends, colleagues, and supervisors at NASA for their
technical and administrative support. I am so fortunate to be surrounded by people
who are willing to dedicate their time and resources into supporting me and this
research.
I am humbled by the amazing, unwavering support from my family. I am
thankful to my parents who encouraged my love of science and engineering at a very
young age and have continued to provide the opportunities, support, and encouragement during my academic and professional journey, and to my sister who has always
been a model of kindness, integrity, and wisdom. I am grateful for the love and support of my husband, John, who has always been there with reassurance during the
dark times and celebrations during the good ones. I am thankful for my kids who
always respond with a smile when I tell them about my work. Those beautiful smiles
make it all worthwhile.

vi

TABLE OF CONTENTS

PAGE
List of Figures

xi

List of Tables

xiv

List of Symbols

xv

Chapter
1 Introduction

1

1.1

Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6

1.2

Structure of Dissertation . . . . . . . . . . . . . . . . . . . . . . . . .

7

2 Literature Review and Background Theory

9

2.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9

2.2

Research History . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9

2.3

ISS Solar Array Operations Overview . . . . . . . . . . . . . . . . . .

15

2.4

ISS Floating Potential Historical Observations . . . . . . . . . . . . .

16

2.5

Transient ISS Floating Potential Observations . . . . . . . . . . . . .

21

2.6

Spacecraft Surface Charging Concepts . . . . . . . . . . . . . . . . .

21

2.6.1

Plasma Currents to a Surface . . . . . . . . . . . . . . . . . .

23

2.6.1.1

Space Charge Limited Current Collection . . . . . .

24

2.6.1.2

Orbit Motion Limited Current Collection . . . . . . .

25

vii

2.6.1.3

Plasma Sheath Development Time . . . . . . . . . .

27

Dielectric Surface Charging . . . . . . . . . . . . . . . . . . .

28

Research Methods in Current Work . . . . . . . . . . . . . . . . . . .

30

2.7.1

Lumped Element Model for Spacecraft Charing . . . . . . . .

31

2.7.2

Particle in Cell Simulation . . . . . . . . . . . . . . . . . . . .

36

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

39

2.6.2
2.7

2.8

3 Observations of New Floating Potential Transients

41

3.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

41

3.2

Event observations . . . . . . . . . . . . . . . . . . . . . . . . . . . .

41

3.3

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

47

4 Lumped Element Model of the Spacecraft-Plasma System

49

4.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

49

4.2

Lumped Element Model Description . . . . . . . . . . . . . . . . . . .

50

4.3

Plasma Current Models . . . . . . . . . . . . . . . . . . . . . . . . . .

54

4.4

Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

55

4.4.1

Initialization . . . . . . . . . . . . . . . . . . . . . . . . . . . .

56

4.4.2

Array Turn On . . . . . . . . . . . . . . . . . . . . . . . . . .

56

4.4.3

Surface Voltage Calculation . . . . . . . . . . . . . . . . . . .

56

4.4.4

Plasma Current Calculation . . . . . . . . . . . . . . . . . . .

58

4.4.5

Equation Solver . . . . . . . . . . . . . . . . . . . . . . . . . .

58

4.4.6

Error Check . . . . . . . . . . . . . . . . . . . . . . . . . . . .

59

4.4.7

Dielectric Charging Calculation . . . . . . . . . . . . . . . . .

60

viii

4.4.8

Estimation of parameters . . . . . . . . . . . . . . . . . . . . .

60

4.5

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

63

4.6

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

64

5 Particle In Cell Simulation of Unit Solar Cell

66

5.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

66

5.2

PIC Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

67

5.3

Plasma Simulation Parameters . . . . . . . . . . . . . . . . . . . . . .

68

5.4

Coverglass Charging Simulation . . . . . . . . . . . . . . . . . . . . .

70

5.5

Current Collection Simulation . . . . . . . . . . . . . . . . . . . . . .

75

5.6

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

79

6 Comparison of LEM, PIC, and FPMU Data

83

6.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

83

6.2

Comparison of PIC results with Probe Theory . . . . . . . . . . . . .

84

6.3

Incorporation of the Current Model into the LEM . . . . . . . . . . .

87

6.4

Parametric Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . .

89

6.5

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

94

7 Conclusions and Future Work

97

7.1

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

97

7.2

Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

98

APPENDIX A: Derivation of the LEM Equations

ix

101

APPENDIX B: Particle in Cell Simulation Setup

104

REFERENCES

107

x

LIST OF FIGURES

FIGURE

PAGE

1.1

The Floating Potential Measurement Unit (FPMU) . . . . . . . . . .

2

1.2

Floating potential transients on July 26, 2010. . . . . . . . . . . . . .

4

2.1

Illustration of charge collection to ISS solar cells. . . . . . . . . . . .

17

2.2

Simplified illustration of solar array induced charge collection. . . . .

19

2.3

Floating potential during normal operations on February 9th, 2013,
illustrates a typical charging profile. . . . . . . . . . . . . . . . . . . .

22

Illustration of thick sheath (orbit motion limited) versus thin sheath
(space charge limited) particle collection. . . . . . . . . . . . . . . . .

27

2.5

Illustration of model for dielectric surface charging in a plasma. . . .

29

2.6

Representation of simplified model for current collection attributed to
high voltage solar arrays. . . . . . . . . . . . . . . . . . . . . . . . . .

35

2.7

Structure of a SPIS Simulation . . . . . . . . . . . . . . . . . . . . .

39

3.1

Floating potential (FP) transients on July 26, 2010. . . . . . . . . . .

43

3.2

Floating potential (FP) Transients on May 10th, 2013. . . . . . . . .

44

3.3

A series of floating potential (FP) transients on June 10th, 2014 occurring due to anomalous array unshunting during sunlight. . . . . .

45

Comparison of RCE data taken on June 8th, 2016 with output from a
typical RCE model. . . . . . . . . . . . . . . . . . . . . . . . . . . .

46

Comparison of transient data taken on July 26, 2010 with output from
a typical RCE model. . . . . . . . . . . . . . . . . . . . . . . . . . .

47

2.4

3.4

3.5

xi

4.1

Representation of the proposed LEM, which is used to solve for the
floating potential. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

51

4.2

Illustration of the simulation flow using the proposed LEM. . . . . . .

55

4.3

Output of the proposed LEM for transient conditions comparing beta
of 0.0 with with a beta of 0.5. . . . . . . . . . . . . . . . . . . . . . .

64

Output of the proposed LEM for transient conditions for three anodized surface area values . . . . . . . . . . . . . . . . . . . . . . . .

65

Model of a system consisting of a large conductive area and a small
dielectric covered area. . . . . . . . . . . . . . . . . . . . . . . . . . .

71

Simulation of a system consisting of a large conductive area and a small
dielectric covered area biased to 5 V with respect to the conductor. .

73

The first 30 microseconds of the simulation of a system consisting of a
large conductive area and a small dielectric covered area biased to 5V
with respect to the conductor. . . . . . . . . . . . . . . . . . . . . . .

74

5.4

Model of a solar cell with gap for PIC simulations. . . . . . . . . . . .

76

5.5

Steady-state plasma potentials with the coverglass at -0.66 V and the
solar cells at 40 V, 80 V, and 120 V. . . . . . . . . . . . . . . . . . .

77

Barrier formation for cell voltages of 40 V, 80 V, and 120V, with the
coverglass voltage set to -0.66 V. . . . . . . . . . . . . . . . . . . . .

78

5.7

Evolution of plasma potential near solar cell gap. . . . . . . . . . . .

80

5.8

Plasma sheath potential structure above the center of the solar cell gap. 81

6.1

PIC current collection to gap compared to the proposed current collection models with a β = 0.53 and 0.5 for an 120 V cell. . . . . . . .

84

PIC current collection to gap compared to the proposed current collection models with a β = 0.48 and 0.5 for an 80 V cell. . . . . . . . .

85

6.3

Voltage Isosurface of Gap. . . . . . . . . . . . . . . . . . . . . . . . .

86

6.4

PIC Results for Coverglass Current. . . . . . . . . . . . . . . . . . . .

87

4.4

5.1

5.2

5.3

5.6

6.2

xii

6.5

Cross section of oblate sphereoid compared to plasma voltage contours
on a unit solar cell. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

88

Output of the LEM for transient conditions on July 26, 2010 using the
new current models. . . . . . . . . . . . . . . . . . . . . . . . . . . .

89

6.7

Output of the LEM for transient conditions on December 8th, 2014. .

90

6.8

Output of the LEM for transient conditions for three anodized surface
area values: 500 m2 , 700 m2 , and 900 m2 . . . . . . . . . . . . . . . . .

91

Results showing the effects of varying the plasma density, no , using
3E10 m−3 , 5E10 m−3 , and 7E10 m−3 . . . . . . . . . . . . . . . . . . .

92

6.10 Results showing the effects of varying the plasma temperatures using
0.06 eV, 0.13 eV, and 0.19 eV. . . . . . . . . . . . . . . . . . . . . . .

93

6.11 Results showing the effects of varying the array turn on time using
0.001s, 0.01s, and 0.1s. . . . . . . . . . . . . . . . . . . . . . . . . . .

94

6.12 Results showing the effects of varying the orientation of the arrays with
respect to the ram direction using 10, 50, and 90 percent. . . . . . . .

95

6.6

6.9

6.13 Output of the proposed LEM demonstrating the ability to simulate an
RCE and normal eclipse exit using probe data from August 13th, 2016. 96
B.1 Meshing of the Simulation Volume

. . . . . . . . . . . . . . . . . . . 106

B.2 Meshing of the solar cell . . . . . . . . . . . . . . . . . . . . . . . . . 106

xiii

LIST OF TABLES

TABLE

PAGE

4.1

Plasma Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . .

61

4.2

Solar Array Properties . . . . . . . . . . . . . . . . . . . . . . . . . .

61

4.3

Material Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . .

63

5.1

PIC Results for Steady-state . . . . . . . . . . . . . . . . . . . . . . .

78

5.2

PIC Results for 80 V Solar Cell . . . . . . . . . . . . . . . . . . . . .

81

5.3

PIC Results for 120 V Solar Cell

82

. . . . . . . . . . . . . . . . . . . .

B.1 PIC Simulation Settings . . . . . . . . . . . . . . . . . . . . . . . . . 105

xiv

LIST OF SYMBOLS

SYMBOL

DEFINITION

k

Boltzmann Constant

T

Temperature (Kelvin)

TeV

Plasma thermal kinetic energy (eV), also commonly called
“plasma temperature” in the plasma research community

o

Permittivity of free space

r

Relative dielectric constant

e

Electron charge (Coulombs)

Vf

Floating potential of the ISS structure

CSS

Sheath capacitance for the bare ISS structure

CSA

Sheath capacitance for the anodized ISS structure

CSG

Sheath capacitance for the solar cell gap

CSCG

Sheath capacitance for the coverglass

CSK

Sheath capacitance for the Kapton

CA

Capacitance of the ISS structure anodized coating

CCG

Capacitance of the solar cell coverglass

CK

Capacitance of the Kapton

xv

IS

Plasma current to the bare structure

IA

Plasma current to the anodized structure

IG

Plasma current to solar cell gap

ICG

Plasma current to coverglass

Vcell

Voltage produced by one solar cell.

ICG

Total plasma current to the coverglass

IG

Total plasma current to the gap

IK

Total plasma current to the Kapton

IG

Total plasma current to the gap

ICSA

Anodized structure sheath capacitance current

ICSS

Bare structure sheath capacitance current

ICSG

Gap sheath capacitance current

ICSCG

Coverglass sheath capacitance current

ICSK

Kapton sheath capacitance current

Vgap

Effective solar cell gap voltage

VcA

Voltage drop across the anodized coating

VcCG

Voltage drop across the coverglass

VcK

Voltage drop across the Kapton.

CStotal

Sum of the sheath capacitances

xvi

To
My Family

CHAPTER 1

INTRODUCTION

The interactions of high power solar arrays with the space environment has
been an active area of research since the 1960s. The research has shown that solar
array interactions with the local plasma environment can result in electric discharges,
power loss, and surface degradation [1]. For human missions, such as the International
Space Station (ISS), where extra-vehicular activities (EVA) are performed, the safety
of astronauts is an important consideration due to the possibility of electric arcing [2].
Positively biased solar arrays interact with the surrounding space environment by
collecting electrons from the plasma causing variations in the floating potential of
the spacecraft [3]. Previous research focused primarily on steady-state interactions
resulting in a good understanding of the steady-state processes. Recently, however,
data from the ISS has shown that more research is needed to understand transient
interactions.
Transient floating potential fluctuations were first observed when an instrument, called the Floating Potential Measurement Unit (FPMU), was installed on the
ISS in 2006. A picture of the FPMU is shown in Fig. 1.1. The FPMU was developed
for the purpose of monitoring the surrounding space environment and floating poten-
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Fig. 1.1: The FPMU is a collection of 4 probes deployed on the ISS, which measures
the ISS floating potential as well as the density and temperature of the local plasma
environment.

tial variations in support of astronaut safety during EVA, but it has also proven to be
a valuable tool for studying the effects of high voltage array operations on spacecraft
floating potential. The FPMU is a collection of four probes: the Plasma Impedance
Probe (PIP), Wide-sweep Langmuir Probe (WLP), Narrow-sweep Langmuir Probe
(NLP), and the Floating Potential Probe (FPP). These instruments provide data
used to determine the density and temperature of the local plasma environment and
the ISS floating potential [4, 5]. The FPMU data allowed for the detailed study of
the solar array interactions with the space environment, and revealed the existence of
transient floating potential fluctuations, also called Rapid Charging Events (RCE) [6],
that correlated with solar array operations.
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The observation of these events starting in 2006 resulted in the the first studies
of transient solar array interactions. The RCEs were studied using lumped element
models (LEM), which incorporated a time dependency for the charging of the dielectric surfaces [7–9]. Based on these preliminary studies, promising results were
obtained by reproducing the observed dependency of the RCEs on density and temperature.
Starting in 2010, new transients were observed which were much larger and
faster than the RCEs. The large, fast transient interactions of the solar arrays with
the surrounding space plasma appear when solar arrays are unshunted in full sunlight.
One example of an unshunt transient event is shown in Fig. 1.2. In this figure, the
gray shading indicates eclipse, and white indicates sunlight. The arrays were held in
a shunted state until in full sunlight and then commanded to unshunt. A floating
potential transient occurred when each array was unshunted. Each of the transient
events in the figure is characterized by a rise in negative spacecraft floating potential on a timescale of milliseconds followed by a fall in negative spacecraft floating
potential on a timescale of tens of milliseconds.
The models developed for the RCEs cannot reproduce these larger transients.
These new transients were not expected and their cause is not clear. The focus of this
research is to provide information that will help answer the question as to whether
or not these transient events are caused by the same physical processes described
in previous models. Specifically, the research will show whether or not the electron
collection to exposed high voltage surfaces can be responsible for the transient when
the temporal evolution of the potential structure surrounding the solar cells is taken
3

Fig. 1.2: Floating potential transients on July 26, 2010. Unshunting all arrays in
full sunlight caused one transient for each array [44].

into account. The temporal evolution of the potential structure is key to understanding the time dependent nature of electron collection. The potential structure
surrounding the solar cells defines the current that can be collected to the surfaces.
This potential structure changes as the surface voltages change, thus dynamically
affecting the current collection to the solar cell surfaces. The previous models do
not include a dependency of the current collection on the temporal evolution of the
plasma sheath, and do not allow for the independent charging of each solar cell. The
results of this research show that these factors become very important for these large,
fast transients. This research uses a LEM and particle-in-cell (PIC) simulations to
study the complex ISS system interactions and the effect of the evolution of the solar
cell electric potential structure.
A LEM, which simplifies the large, complex system into discrete circuit elements, has been developed to study the plasma interactions of the system, and an
initial validation of the model has been performed using FPMU data. In this new
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model, the current collection and dielectric charging of each of 400 solar cells on one
string are calculated and combined with the current calculated for the ISS structure.
Additionally, ISS system settings such as ram angle, number of active arrays, and
array turn-on time, all of which are important factors for simulating the transient
events, are included. The LEM is solved iteratively in order to determine the floating
potential at each time step. Using these methods, the proposed model is able to
simulate the behavior of not only the RCEs, but also of the large transients.
A PIC simulation of a unit solar cell is a good way to study the temporal
evolution of the plasma potential and current collection to the solar cell surfaces.
This knowledge is important for developing current models used in the LEM because
data is not available for individual solar cells. A gap current collection model was
developed previously [10], but it was only valid for steady-state conditions when the
coverglass is fully charged. The PIC simulation in this research is being used to study
the current collection to the gap and coverglass surfaces during transient conditions
prior to the system reaching a steady-state.
The results of the LEM and PIC simulations provide a much greater understanding of the transient events, their controlling factors, and current models appropriate for solar cells in low Earth orbit (LEO). In future work the research can be
extended to other regions of space, where the plasma density and temperature are
very different than in LEO. Continuing research in this area is important for the
development of more accurate models, operational controls, and design guidelines for
future missions.

5

1.1

Research Objectives

The objectives of this research are to 1) understand the temporal evolution
of the potential structure surrounding the solar cells and how it affects the current
collection to the solar cell surfaces, and 2) understand the dominant contributers to
the transient events from the plasma - spacecraft system. This research uses a LEM
and PIC simulations in order to accomplish these objectives.
PIC simulations of a unit ISS solar cell using parameters consistent with LEO
and ISS operations provide information on how the potential of the solar cell surfaces
with respect to the plasma develops in time. The current collection to the surfaces
is largely dependent on the surface potential and the surface potentials drastically
change during the transient events. Therefore, this detailed analysis provides important information on the expected current collection to the surfaces during the
transient events.
The simulation of the overall spacecraft-plasma system is not possible using the
PIC simulation due to its size and the intricate meshing required for such a complex
system. Therefore, it is better studied using a LEM, where all of the contributing
surfaces can be included, rather than just the solar cells. The LEM can also account
for spacecraft orientation and system operations that are not possible in the PIC.
For this research, the LEM is used to show the importance of the spacecraft design,
operations, and plasma current models in the structure of the transient events.
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1.2

Structure of Dissertation

This dissertation is organized into the following chapters:
Chapter 1: Introduction: This chapter provides an introduction to the research
justification, objectives, and methods used.
Chapter 2: Background: This chapter provides a history of related research as
well as information on the physics and engineering principles important to the
research.
Chapter 3: ISS Transient Observations: This chapter provides a detailed description of new transient floating potential events, which are the subject of this
research.
Chapter 4: Lumped Element Model: This chapter provides a detailed description
of the LEM developed as part of the research and the results obtained from it.
Chapter 5: Particle in Cell Simulation: This chapter provides a detailed description of the PIC simulations of a unit solar cell performed for this research and
the results.
Chapter 6: Comparison of LEM results, PIC results, and FPMU data: This
chapter provides a comparison of the results from the LEM and PIC simulations
with floating potential data from the FPMU.

7

Chapter 7: Conclusion and Future Work: This chapter provides the conclusions of
the research and recommends future work in order to continue the progress toward
understanding high voltage solar array interactions with the space environment.
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CHAPTER 2

LITERATURE REVIEW AND BACKGROUND THEORY

2.1

Introduction

Solar array interactions with space plasma have been an active area of research
for decades. The methods of research over the years have included manual calculations, simulations, laboratory testing, and even several flight experiments. Currently,
the only in-flight platform for studying these interactions is the ISS with the FPMU. A
summary of the relevant research and outcomes is given in this chapter. An overview
of ISS solar array operations and the recent research performed using ISS data are
summarized. Finally, an introduction to the physical processes important to spacecraft charging is presented and the research methods used in the current work are
described.

2.2

Research History

In the late 1960’s and 1970’s several solar array studies were initiated in order
to understand how their interactions with the space environment could affect array
performance [11–13]. These studies focused on voltages in the kilovolt range. Performance factors such as power loss, electric discharges, and surface degradation were
9

all studied. An understanding of the electric potential structure of the solar array
surface relative to the plasma is critical to identifying these performance factors. The
potential structure of the solar array is complicated by the interfaces of dielectric
surfaces (coverslides) with exposed conductive areas (areas between the coverslides).
This “checkerboard” distribution of surface potential results in an overall reduction
of potential with respect to the plasma [11].
The effect on charged particle collection from surrounding a conductor with
insulation was also explored [13]. Current collection to a small conductive area surrounded by insulation was shown to exceed by orders of magnitude the amount of
current expected from traditional electrostatic probe theory. A computational model
was developed [12] in order to simulate particle collection and also confirmed that
particle collection rates were very high, though the input parameters did not reflect
actual space plasma conditions. Another study showed that for voltages greater than
200V, the current collection to exposed conductors is greater than expected by traditional theory, but still on the same order of magnitude [14]. Another study found
the threshold voltage between traditional particle collection and enhanced particle
collection to be 100V. In this study, the potential just above the surface was measured. It was found that below 100V, the coverslides maintained a slightly negative
potential as expected when exposed to thermal plasma. However, when the voltage
was increased above 100V, the potential of the coverglass was only 50V less than
the applied voltage. This effect was attributed to the generation of secondary electrons increasing the amount of particle collection to the exposed conductor and the
coverslide becoming more positive, a phenomenon known as snapover [1].
10

Completely insulating large solar panels were also considered, but it was determined to be time-consuming, to add too much weight to the system, and was not
cost-effective. Additionally, for longer duration missions, small holes in the insulation
will eventually develop due to meteoroid impacts and radiation damage [15].
The first space-based experiment was a payload called the Plasma Interactions
Experiment launched on a Delta rocket in 1978 [16]. In 1983, the second Plasma
Interactions Experiment(PIX II) was also flown on a Delta rocket [17]. Due to uncertainty of the orientation of the spacecraft, quantitative plasma particle collection
analysis could not be performed, however the experiments were able to confirm that
the insulator surrounding conductive areas had a significant influence on the electron
collection and the negatively grounded solar arrays would result in large negative
floating potentials if there are not enough exposed ion collecting surfaces.
These initial studies confirmed that high voltage conductors partially covered
by insulators interact with the space environment in ways that could not be modeled
by conventional methods and must be considered carefully when designing spacecraft
with solar arrays. The amount of particle interaction depends largely on the geometry of the system, operating voltages, and the plasma environment. After these
studies, uncertainty remained in the quantitative relationship between the relevant
parameters.
In 1990, a team was gathered to specifically study this phenomenon in the solar
array designs for the ISS. The purpose of the initial studies was to investigate the
effect of various grounding configurations on the spacecraft-plasma interactions [18].
Based on the research described previously, it was known that this design could result
11

in significant interactions with the plasma. Initial analysis indicated that the station
would float at -140V if grounded at the negative end of the array. At this voltage,
the positive oxygen ions in the plasma can collect on the dielectric surfaces, which
were coated specifically to provide thermal control and protection from atomic oxygen
degradation. This ion collection on the dielectric surfaces can result in arcing across
the dielectric layers causing damage to the coating. The details of the solar cell
geometry and layout on the array were not finalized at the time of this investigation
thus many assumptions had to be made. One of the great discoveries of this study
was the development of the potential barrier, which limits the electron collection to
the positive potentials exposed in the solar cell gaps. In these simulations, the solar
cell potential was set to 20V. This potential barrier was shown to be highly dependent
on both the temperature of the plasma and the size of the coverglass overhang, which
is the amount the coverglass protrudes past the silicon solar cell covering a portion of
the gap. Using a design representative of the space station solar cells, the simulation
demonstrated that the particle collection for a 32 mil gap was reduced by a factor of
eight when an overhang of 3.5 mils was included in the design, which in turn could
be shown to reduce the expected equilibrium floating potential to -95V. It was noted
in these studies that a potential of -95V would reduce the sputtering and dielectric
breakdown, but there was still the possibility of occurrence. Because this potential
barrier was highly dependent on plasma temperature in the simulation, and that
temperature threshold was within the range of the LEO plasma temperature, this
barrier effect could not be counted on as an effective mitigation for electron collection
to the arrays. Due to the uncertainty present in both the simulations and the tests,
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two space experiments were used to further study the current collection. In 1994,
the Solar Array Module Plasma Interactions Experiment (SAMPIE) was flown as a
space shuttle experiment, and the Photovolatic Array Space Power Plus (PASP Plus)
experiment was launched into LEO on a Pegasus. The results from these experiments
confirmed the general relationships of the previous work, but the results from the two
experiments specific to particle collection differed by orders of magnitude leaving
again a lot of uncertainty in the quantitative relationships [19].
ISS operations began in 1998, and a precursor to the FPMU, called the Floating Potential Probe, was installed and started collecting data in 2000. The data
collected from the probe indicated that there was significantly less particle collection
than expected according to the simulations done in the 1991 study [2]. A new study
was therefore performed to explain the discrepancy [10]. This study included a detailed 2D model of a unit solar cell including the overhang and adjacent gap. The
exposed solar cell side was set to 150V and the coverglass was set to -0.2V. These are
representative potentials of the system at steady-state, and no snapover was allowed.
The simulation was performed using an electrostatic potential finite-element solver.
The simulation results clearly showed a barrier structure, which had the effect of
limiting the electron collection to the higher electron energy population. An analytic
model for the current collection was developed based on the results of the simulation and incorporated into the floating potential prediction model for ISS. With some
modification to the ISS ion collection area, which is one of the unknowns of the ISS
design, this potential barrier current correction model agreed well with the ISS probe
data.
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In 2006, the FPMU was installed on ISS. This new instrument provided a
wealth of data at a higher data rate throughout the ISS orbit. One of the discoveries
was an eclipse exit increase in negative floating potential, called the RCE [6]. Increases
in negative potential had been observed and were expected at eclipse exit due to the
increase in array voltage as they enter sunlight, however these RCEs were larger
in magnitude and faster in duration than expected. Additionally, they correlated
with lower plasma densities. New studies were initiated to model these RCEs. An
empirical model was developed in which the maximum potential was calculated using
a current balance equation with the assumption that only the outer edges of the array
had exposed edges that were not shielded by an adjacent cell. Once this maximum
potential was determined, the time constants for the rise and fall of the charging peak
were determined using fits to collected data [7]. A similar model [9,20] was developed
also using a current balance method, but incorporated an estimate of electron blocking
time using dielectric charging time of the coverglass and the sheath capacitance rather
than determining these values from curve fitting FPMU data. Another study [8]
was performed by creating a LEM for the ISS. This LEM divided the ISS surfaces
into three groups: anodized (dielectric) structures, conductive structures, and solar
cells. A linear circuit was designed using these groups with sheath interfaces being
approximated as a resistor in parallel with a capacitor, and the dielectric surfaces
being modeled as capacitors. The conclusion of these studies was that the RCEs were
highly dependent on plasma density and temperature, however, the models were not
developed to the point of being able to reliably predict the amplitude and duration
of the events.
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In 2010, a series of operations were performed to further characterize the effect
of array operations on the floating potential. The operations consisted of commanding
the arrays to remain fully shunted (off) until in full sunlight and then commanding
them to unshunt one at a time. These series of operations resulted in the discovery
of large (up to -95V) transients that lasted on the order of tens of milliseconds.
Additionally, large positive voltage peaks were observed during some of the operations
while the arrays were fully shunted in sunlight. Continuing analysis of FPMU FPP
data revealed other interesting charging profiles that have yet to be explained and
modeled.
Now, the question to be answered is: are these transients caused by the same
processes as the so called RCEs? The objective of this research is to investigate this
question specifically for the large negative transients.

2.3

ISS Solar Array Operations Overview

It is the complexity of the ISS power system design and operations that causes
the environment interactions observed by the FPMU. Each of the eight Solar Array
Wings (SAW) on ISS has 82 strings of solar cells that are controlled individually to
meet the changing power needs of the ISS. During nominal operations, the arrays
are set to automatically rotate in order to maximize power production and minimize
stress to the structure. There are also many ISS operations that have constraints
requiring the arrays be put in a non-solar tracking configuration, and in some cases
they are manually controlled or parked in a stationary position [21]. During normal
operations, the power system provides automatic regulation of the arrays by turning
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strings of cells on (unshunting) and off (shunting) as needed to support loads. When
a string is shunted, all generated current is sent back to the array, and the voltage
on that string is zero. During the eclipse portion of the orbit, power is provided by
batteries [22].
Each solar cell is approximately 8 cm × 8 cm and is covered with coverglass
that is slightly larger. The cells are placed approximately 0.8 mm apart. The solar
cells have wrap-through interconnections, so the interconnections are protected from
direct contact with the plasma environment. The sides of the solar cells, however,
are exposed. When the strings of cells are unshunted, and therefore positively biased,
electrons are collected from the plasma directly to the solar cells through the gaps
between the cells. The coverglass also collects electrons. An illustration of this
process is shown in Fig. 2.1. As electrons collect to the high voltage surfaces, the
ISS frame potential is forced negative until a steady state is reached where the net
current collected over the spacecraft is zero. Once the coverglass achieves a sufficiently
negative charge, it has been shown that a potential barrier forms, which reduces the
electron collection [10, 18].

2.4

ISS Floating Potential Historical Observations

The FPMU provides a wealth of data throughout the ISS orbit. It allows
observation of how the ISS floating potential varies. Variations in floating potential
include both periodic changes and single events. The periodic changes are variations
that generally repeat for each ISS orbit and are due to normal spacecraft motion
and LEO plasma temperature and density profiles. Single charging events are short
16

Fig. 2.1: Illustration of charge collection to ISS solar cells.

term changes from the normal background floating potential and are caused by voltages on the solar arrays, transient plasma variations, and various ISS operations and
maneuvers.
The standard floating potential variations are well documented [6] and are only
summarized here. The types of variations can be divided into two general categories:
1) natural (driven by the space environment) and 2) induced (driven by active ISS
operations). The natural potential variations can be further subdivided as follows:
a. Magnetic field effects
This is the motional electromotive force, i.e. the electric field is induced by the
motion of the truss through the Earth’s magnetic field [23]. The truss structure is
approximately 100 meters long. The maximum induced electric field for LEO occurs at high latitudes where the magnetic field has the largest vertical component.
For the location of the FMPU on the ISS truss, this results in an approximately
sinusoidal variation in floating potential over the course of an orbit.
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b. Plasma variation
Local changes in plasma density and temperature can affect the ISS floating potential because they affect the electron flux and the ability of the arrays to capture the
electrons. Specifically, an increase in plasma density accompanied by a decrease
in plasma temperature can cause an increase in negative floating potential. This
type of effect is relatively common in the equatorial region.
c. Auroral
These charging events occur when the ISS is orbiting through the auroral region
at night. During this time, the lower ambient plasma densities are accompanied
by high energy precipitating electrons causing the station to float more negative.
Induced charging events can be caused by many ISS operations [24], such as
maneuvers and dockings. However, the focus of this research is on events caused by
the unshunting of solar arrays in sunlight. Two types of solar array induced charging
events have been documented, and both are known to occur at eclipse exit. The two
types of events are the normal charging event and the RCE, and they are described
as follows:
a. Normal charging event
These events are induced by the increase in voltage on the solar arrays as the station
enters sunlight. As shown in Fig. 2.2, electrons collect to the positive portions of
the solar arrays causing the structure, which the arrays are grounded to, to float
to a negative value. The negative surfaces then collect ions from the plasma. The
floating potential of the spacecraft will reach a steady-state value such that the
net current collection to all spacecraft surfaces is zero. The floating potential is
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Fig. 2.2: Simplified illustration of solar array induced charge collection.

measured by the FPMU with respect to the surrounding plasma. These events are
modeled very well by programs such as the Plasma Interactions Model [25].
b. Rapid charging event
One of the unexpected discoveries using the FPMU instrument was the RCE [6].
These events are also induced by the increase in voltage on the solar arrays as the
station enters sunlight, but they are larger in magnitude and faster in duration than
the normal eclipse exit charging. The events correlate with lower plasma densities
and are characterized by rise times on the order of seconds and fall times of tens
of seconds. RCE models [7–9] were developed, which provided a possible physical
explanation for the dependency of the events on plasma density and temperature.
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However, the models have not yet been developed to the point of being able to
reliably predict the amplitude and duration of the events.

A typical floating potential profile for the ISS is illustrated in Fig. 2.3. The
figure has five panels. Panel a) shows the floating potential as measured by the
FPMU FPP. The profile is a combination of magnetic field induced potential and
eclipse exit charging. Panel b) shows the percentage of ISS solar cell strings that
are unshunted. The strings are all unshunted through the eclipse timeframe. As the
arrays enter sunlight, the automatic regulation begins to shunt strings in order to
control power output. When a string is unshunted in sunlight in sun-tracking mode
there is approximately 160 V between its positive and negative terminals. Panel c)
illustrates that as the arrays rotate, the projection of the surface area of the arrays
in the ram-facing direction changes. This plot shows the projected area in the ram
direction as a percentage of total array area, Aram . At 100 percent, all eight arrays are
pointed in ram. Negative numbers indicate all eight arrays are pointed in the wakefacing direction. Zero percent indicates all arrays are edge-on, meaning the edge of the
arrays are pointing in the ram direction. Panel d) shows plasma density as measured
by the FPMU WLP, and panel e) shows the ISS geographic latitude from Satellite
Tool Kit (STK). This correlates well with the magnetically induced potential. Higher
latitudes correlate with increases in magnetic field induced potential. In all panels,
the gray shading indicates eclipse, and white indicates sunlight. This data is also
taken from STK. The data gaps in panels a) and d) indicate a time when no data
was received. The x-axis on all plots is Greenwich Mean Time (GMT). As the arrays
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enter sunlight, the potential across the unshunted strings of solar cells rises to 160 V.
As the potential across a string of solar cells increases, the exposed portions of the
semiconductor collect electrons, which increases the negative floating potential of the
ISS. The floating potential continues to fluctuate through the orbit as the number of
unshunted strings, position of the arrays, and magnetic induction vary. As the arrays
rotate from ram-facing to wake-facing, the charging diminishes to the background
level attributed to magnetic induction [26]. The causes for these floating potential
variations are well understood, and these types of variations are observed on a regular
basis.

2.5

Transient ISS Floating Potential Observations

Recently, a new kind of solar array induced charging event has been observed.
These are transient events characterized by a rise in spacecraft floating potential on
a timescale of milliseconds followed by a fall in spacecraft floating potential on a
timescale of tens of milliseconds. As part of this research, these events have been
studied and presented along with relevant solar array data and will be discussed in
detail in Chapter 3.

2.6

Spacecraft Surface Charging Concepts

There are two basic surface charging concepts that are particularly important
for understanding current collection to spacecraft surfaces: 1) The limitation of current collection due to plasma sheath development, and 2) dielectric surface charging
in a plasma.
21

Fig. 2.3: Floating potential during normal operations on February 9th, 2013, illustrates a typical charging profile. Panel a) shows the floating potential as measured
by the FPMU FPP. Panel b) shows the percentage of ISS solar cell strings that are
unshunted. Panel c) illustrates the projection of the surface area of the arrays in
the ram-facing direction. Panel d) shows plasma density as measured by the FPMU
WLP, and panel e) shows the ISS geographic latitude.
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2.6.1

Plasma Currents to a Surface
Our understanding of how plasmas interact with surfaces begins with the early

experiments of Irving Langmuir on current collection to probes immersed in a laboratory plasma. The Debye shielding property of plasmas results in a sheath surrounding
any surface that comes into contact with a plasma [27, 28]. The size of the sheath is
dependent on the Debye length, λd , of the plasma, which is defined by the plasma
density and temperature as follows [29]:
r
λd =

o kTe
no e2

(2.1)

In this equation o is the permittivity of free space, k is the Boltzmann constant, Te is the temperature of the plasma, no is the density of the plasma, and e is
the charge of an electron. Outside of this sheath, the plasma is neutral and there are
no accelerating or retarding forces. This sheath limits the surface particle collection
to those that reach the boundary of the sheath.
There are two types of limits generally referenced when considering current
collection to spacecraft surface. They are 1) space charge limited and 2) orbit motion limited. When developing models, these limits must be carefully considered to
determine which limit best applies. Additional models have been developed which
provide a limit on the current collection due to the anisotropy caused by a magnetic
field [30] [31]. The motion of the charged particles being constrained to magnetic
field lines can reduce the current collection to surfaces. These models, however, are

23

not well developed even for simple surfaces and some PIC simulations and on-orbit
data [32] have shown results differing from the models. Therefore, the limitations of
the magnetic field are not discussed in this research, but are left for future work.

2.6.1.1

Space Charge Limited Current Collection

Space charge limited current collection means that the current collected to
the surface is limited to the current density at the sheath edge. The assumption is
that all particles reaching the sheath edge are collected by the surface if the surface
is at an accelerating potential with respect to the plasma, but the current cannot
be greater than that allowed by the current density at the sheath edge. Generally,
this case applies to large surfaces or very dense plasmas due to their short Debye
length. In other words, the sheath is very thin relative to the size of the spacecraft.
Since all particles entering the sheath hit the surface, the current collected is simply
a function of the plasma current density in the direction of the surface and the area
of the sheath. However, the size of the sheath does increase as the applied voltage on
the surface increases, so the current collected is still a function of the applied voltage
for any surface other than a flat infinite plate. If a Maxwellian velocity distribution
is assumed, the space charge limited current collection to a planar surface element,
Jx , can be approximated by the following equation [31].

Jx =

8eo
9

r

3/2





1 V
2.66 
1 + q
2
2me xs
eV
kT
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(2.2)

Where V is the applied voltage, m is the particle mass, xs is the sheath size, T
is the particle temperature, and e, o , and k are the unit charge, permittivity of free
space, and Boltzmann constant, respectively. For spacecraft charging purposes, it is
usually the current density that is known, or assumed, and the sheath is unknown.
In this case equation 2.2 can be used to determine the size of the sheath. The size of
the sheath can be calculated as follows:
v


u
u 8e r 1 V 3/2
2.66 
u o
1 + q
xs = t
9
2me Jx
eV

(2.3)

kT

2.6.1.2

Orbit Motion Limited Current Collection

When the plasma sheath radius is large compared to the object, the current
to the surface is considered orbit motion limited. In this limit, the orbital motions
of the particles must be considered because some particles will enter the sheath but
never hit the surface. This can occur for smaller surfaces, low density plasma, and/or
high temperature plasma. The current collected cannot exceed the rate at which the
attracted species arrive at the sheath edge, however the actual amount of particles
collected depends on their orbital motion. The total collected current is therefore
not a direct function of sheath radius, but is defined as a function of an “impact
parameter”, which is dependent on the radius of the collector, the potential of the
collector, and the initial energy of the particle. A simple derivation of the impact
parameter for a spherical probe starts with conservation of energy. A particle entering
a sheath with initial velocity vo in the absence of an attractive field would have a
closest approach to the surface of p. Under the influence of the attractive field, the
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particle trajectory will bend under a radial force such that, if it hits the surface, its
final velocity is vp at r, the radius of spherical surface. If the potential of the probe
is Vp , the conservation of energy and momentum state that:

1 2 1 2
mv = mv + eVp
2 p 2 o

(2.4)

pvo = rvp

(2.5)

Using (2.4) and (2.5) to solve for p results in:
1 p2 vo2
1
m 2 = mvo2 + eVp
2
r
2


2r2 1 2
2
p =
mv + eVp
mvo2 2 o
s

eVp
1+ 1 2
p=r
mvo
2


eVp
J = nevo 1 + 1 2
mvo
2

(2.6)

The value of p can be thought of as the collection radius for particles entering
the sheath at vo [33]. It is larger than the radius of the surface, but smaller than the
sheath radius. Assuming that the applied voltage is much greater than the temperature of the collected species, this equation may be used directly. If this assumption
cannot be made, then a more complicated relationship derived using the particle
energy distribution must be used [31].
Both the space charge and orbit motion limits result in limits to current collection. The effective collection will be limited by whichever calculation produces the
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Fig. 2.4: Illustration of thick sheath (orbit motion limited) versus thin sheath (space
charge limited) particle collection. The light gray area is the sheath and the dark
gray is the surface.

smaller collection radius. An illustration of thick versus thin sheath particle collection
is shown in Fig. 2.4

2.6.1.3

Plasma Sheath Development Time

The above limits apply to a system in steady-state, when the plasma sheath is
developed. The development time of the plasma sheath can be roughly approximated
by assuming a thickness, dsheath , a relative dielectric constant, r , of 1, and calculating
the capacitance per unit area, CA :

CA =

o r
dsheath
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(2.7)

The thickness can be approximated as the Debye length. For a plasma density
of 1E10 m−3 and temperature of 1160K the Debye length is approximately 2cm,
resulting in a capacitance per unit area of approximately 0.4nF. In order to determine
a rough sheath development time, the sheath can be modeled as a capacitor in series
with a current source. If the current density available from the plasma is approximated
as the Maxwellian average thermal electron current density in one direction and the
applied voltage is 160 V, then it will take the sheath approximately 0.6ms to develop:

1
Je = eno
2

r

mA
2kTe
≈ 0.1 2
πme
m

dV
1
Je
=
dt
CA
CA
4E − 10
t=V
= 0.6ms
≈ 160
Je
1E − 4

(2.8)

(2.9)

This is a very rough approximation and is only used to understand the relative
charging time with respect to other relevant time factors. The ability of the plasma to
react quickly to changes in voltage generally means that the plasma can be assumed
to always be in a steady-state when compared to the time-scale of surface charging.

2.6.2

Dielectric Surface Charging
For transient events, the dielectric surface charging time and associated cur-

rents become very important. First, consider the sheath development over an insulator that is covering a conductor held at a certain potential, V . Initially, at t = to , the
dielectric surface is also at V . The electrons respond to the electric field by moving
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Fig. 2.5: Illustration of model for dielectric surface charging in a plasma.

toward the surface of the dielectric. Eventually, a sheath is developed which limits the current collection to a steady value defined by the properties of the neutral
plasma. At this point most of the voltage drop occurs across the sheath. As electrons
continue to collect on the surface dielectric, the surface voltage decreases. Assuming
a constant applied voltage, a steady-state will eventually be reached where the dielectric surface is charged to a value that corresponds to a net zero current. Now, the
voltage drop is primarily across the dielectric and the plasma sheath maintains a very
small electric field. This behavior of the sheath-dielectric system is similar to that
described by a capacitor in parallel with a resistor, representing the sheath, connected
to another capacitor, representing the dielectric, and has been modeled this way in
previous studies [8]. A better, but more complex model, uses current source instead
of a resistor as shown in Fig. 2.5 [34].
The dielectric charging time is dependent on many factors. Assuming the
dielectric charging time is much larger than the plasma sheath development time,
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an estimation of the dielectric charging time can be made by assuming the plasma
sheath capacitor is fully charged and modeling the dielectric as a capacitor in series
with the plasma current source. A typical dielectric constant for coverglass is 3.8
and the thickness is approximately 0.1mm leading to a capacitance per unit area,CA ,
of 265nF. Je is again represented by equation 2.8. The charging time can then be
approximated as before:

1
dV
=
Je
dt
CA
CA
2.7E − 7
t=V
= 432ms
≈ 160
Je
1E − 4

(2.10)

This value is also a very rough approximation and is only used to understand
the relative charging time with respect to other relevant time factors. The dielectric
charging time is many orders of magnitude higher than the sheath development time.
This means that the plasma reacts so quickly that an assumption of a steady-state
sheath can be used when studying effects that occur on the order of the dielectric
charging timescales.

2.7

Research Methods in Current Work

There are three important questions which are being studied in order to determine if the transient events observed are controlled by the time dependent interactions
of the ISS surfaces with the LEO plasma environment:
1. Is the time constant of the transient events consistent with a time constant that
could be expected from the charging of dielectric surfaces on the solar arrays in
contact with the plasma?
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2. Are the typical current collection models appropriate for modeling the electric
current collection to ISS surfaces in LEO?
3. When modeled as a system of dielectric and conductive surfaces in contact with a
LEO plasma, are the ISS floating potential transients reproduced?

There are two types of tools used in this research in order to answer these
questions. PIC simulation is used to study the dielectric surface charging and electric
current collection on a small scale and a LEM is used to simulate the overall ISS
system.

2.7.1

Lumped Element Model for Spacecraft Charing
The LEMs for spacecraft charging use what is known in spacecraft charging as

the “current balance equation” [35], which is fundamentally a specific use of Kirchoff’s
Current Law. At equilibrium, the continuity equation, which can be derived from
Maxwell’s Equations, leads to Kirchoff’s Current Law, which states that the sum of
currents flowing to a junction must equal the sum of currents flowing away from the
junction [36]. The applicable currents to the spacecraft charging are defined in terms
of the spacecraft potential, and then the equation can be solved to find the potential
that results in net zero current collection. The current balance equation must account
for the following currents [37]:
a. incident electrons (Ie )
b. incident ions (Ii )
c. secondary electrons (Ise )
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d. backscattered electrons (Ib )
e. photoelectrons (Ip )
f. electron or ion sources (Iss )

All of these currents are dependent on the plasma properties, spacecraft material properties, and any applied or naturally occurring electric and magnetic fields.
When their sum is zero, the spacecraft is charged to a potential, called the floating
potential, Vf .

X

I = Ie (Vf ) + Ii (Vf ) + Ise (Vf ) + Ib (Vf ) + Ip (Vf ) + Iss (Vf ) = 0
(2.11)

Applying this equation to a simple spacecraft with a single surface and assuming the surface is in darkness and has no current sources, then Ip and Iss are equal
to zero. In order to define the rest of the currents, the plasma properties must be
considered in order to determine the velocities of the particles with respect to the
spacecraft and, in turn, the current densities. The average particle velocities, vi,e ,
assuming a one dimensional Maxwellian velocity distribution, is [29]:
s
vi,e =

2kTi,e
πmi,e

(2.12)

In this equation k is the Boltzmann constant, T is the particle temperature,
and m is the particle mass. The i and e subscripts denote ions and electrons, respec32

tively. In LEO, the plasma is typically between 1000K and 5000K. Using 1500K, the
average velocity of electrons is approximately 1.39E5 m/s and the velocity of ions
(mostly Oxygen) is approximately 700 m/s. In LEO the spacecraft velocity of approximately 7500 m/s must be added to the average particle thermal velocities. For
electrons, a good approximation is to simply use the thermal velocity since it is much
greater than the spacecraft velocity.
Initially, the electrons, due to their higher velocity, will collect faster than the
ions causing the spacecraft to acquire a negative potential, which will build until the
collection of electrons and ions is equal. For a spacecraft that is large relative to the
Debye length, the current collection will be space-charge limited. This means that all
accelerated particles (in this case, ions) that hit the sheath will be collected by the
spacecraft surface. The retarded particles (in this case, electrons) will have a current
density that depends on the voltage of the surface. Assuming a large mean free path
for electrons, the electrons collecting at the spacecraft surface can be assumed to have
a Maxwellian velocity distribution and follow the Boltzmann relation [33]:

−|eV |
1
Je = − eno e kTe
2

r

2kTe
πme

(2.13)

V is the potential of the spacecraft surface. The factor of 1/2 accounts for the
fact that half of the electrons in the distribution are moving toward the spacecraft
surface. The ion current density is dominated by the spacecraft velocity. Assuming
that all ions reaching the sheath are collected, the ion current density is:
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1
Ji = no evspacecraf t + eno
2

r

2KTe
πmi

(2.14)

If backscatter and secondary electron emission are ignored, the voltage required
for a net current of zero, which is the steady-state condition, can be found by equating
the ion and electron currents and solving for the voltage [3]:

−|eV |
1
no e kTe
2

r

r
2kTe
1
2kTe
= no vspacecraf t + eno
πme
2
πmi
r
r
−|eV |
πme
me
e KTe = 2
vspacecraf t +
2kTe
mi
 r
r 
πme
me
kTe
ln 2
vspacecraf t +
V =−
e
2KTe
mi

(2.15)

Plugging in a typical value of electron temperature for LEO such as 2000K
results in a spacecraft potential of approximately -0.37V.
This is a very simple way of finding an approximate steady-state spacecraft
voltage. When a spacecraft becomes more complicated, with different types of surfaces
and applied voltages, the equations become more complex. The current collection
models for accelerated particles must also be considered as well as the properties and
location of the materials.
LEMs have been developed for the ISS previously, which allow for some of this
complexity. In these models the collection areas were divided into three elements:
the area of the solar array collecting electrons, the area of the solar array collecting
ions, and the area of the structure collecting ions. In order to show a time dependency, previous models [9] allow for the time dependent nature of the plasma barrier
development by applying an exponential decay of the current attributed to electron
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Fig. 2.6: Representation of simplified model for current collection attributed to high
voltage solar arrays.

collection to the solar cells. An exponential decay is also applied to the structure due
to the dielectric coating. The currents are summed, set equal to zero, and solved for
the floating potential. The current balance equation is written in a simplified form as
follows, where Ii now represents the current attributed to ion collection to the solar
arrays, Is is the current attributed to ion collection to the structure, and Ie is the
current attributed to electron collection to the solar arrays.

X

−t

−t

I = Ie (Vf ) e τe + Ii (Vf ) + Is (Vf ) e τs = 0
(2.16)

This simplified LEM is easier to solve and is good for studying the primary
contributors to floating potential variations and parametric studies. The model is
illustrated in Fig. 2.6.
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The difficulty with using this model to study the time dependent development
of the floating potential lies in the fact that the time dependent nature of these
currents is still unknown. This type of simulation was effective for modeling the
RCEs [7–9], but did not include enough fidelity to model the new transients.
This research uses a new LEM, which incorporates the more complex dielectricplasma interactions model into the current balance equations. It calculates the current
collection and dielectric charging for each solar cell and gap. Additionally, the model
includes parameters for ram angle, number of active arrays, and array turn-on time.
This new model is able to simulate the behavior of not only the RCEs, but also of
the large transients. The details of the new model are described in Chapter 4.

2.7.2

Particle in Cell Simulation
PIC simulation has been used to study plasma since the 1960’s [38]. In PIC

simulations, the motions of the particles are simulated using the basic laws of electromagnetism allowing the study of individual particle interactions with fields and
other particles. The simulation space and any surfaces are defined as a mesh, and
the motion of particles and the resulting field are calculated on the mesh points.
This is particularly useful when studying the motion of electrons. There are however
limitations to what can be done with PIC simulation due to the limitations of computer speed and memory. Specifically, using PIC for a LEO plasma is challenging
due to the higher densities. Higher density requires more particles to be simulated
and the smaller Debye length requires finer meshing. Due to these limitations, the
PIC simulation in this research is only used for the study of small areas of the larger
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system. The PIC simulation has been used specifically to study how the currents to
the solar cell dielectric surface and gap develop in relation to the surface voltages.
Previous simulations have been performed to study the current collection to a solar
cell gap in the steady-state condition [10]. This research builds on these results by
simulating cases for several cell and coverglass voltages in order to study how the
current collection to the gap develops during transient conditions.
The Spacecraft Plasma Interactions System (SPIS) is the simulation program
being used in this research as it already includes all the necessary physical processes
for PIC simulation, current collection to surfaces, and associated dielectric charging.
It also allows for the option to include an applied magnetic field, spacecraft velocity, photoelectron, secondary electron, and backscatter effects. It allows for detailed
modeling and meshing using the GMSH software [39] and is parallelized using multithreading. JAVA was chosen as the language for SPIS originally in order to simplify
the management of the software [40] with an open-source philosophy.
SPIS allows for parallel computing through specification of the number of
threads for the particle pusher. SPIS also has options which allow for optimizing
computational time [41], such as using different time scales for the various physical
processes and automatic time step determination. The structure of a SPIS simulation
is shown in Fig. 2.7 [41]. There are three user defined time steps in SPIS:
1. Particle Population: The particle population time step can be defined for each
particle species and must be small enough such that any particle does not move
more than one cell in a time step.
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2. Plasma: The plasma time step is defined by the plasma frequency, which is a
natural oscillation in a plasma due to an electric field, such that the time step is
smaller than the plasma period. It is over this time step that the Poisson equation
is solved for the current particle positions.
3. Simulation: The simulation time step must be much less than the time it takes
for the surface to charge. This is the time step at which the dielectric charging is
calculated and the surface voltage is calculated based on the particles that have
collected on the surfaces.

It is important to define these time steps carefully in order to maintain stability
of the simulation. The time steps defined in the simulation are the largest allowable
time steps for three parts of the simulation. The simulation will automatically decrease the time steps as required to maintain stability, especially at the beginning of
the simulation when the voltages in the system are changing the fastest.
The PIC simulations performed in this research are used to study the current
collection to the solar cell surfaces and gaps. The simulations have been developed
strategically to provide the required information in a reasonable operating time. Specially, two types of simulations have been performed, which together provide a good
understanding of the processes taking place. The simulations performed are as follows
and described in detail in Chapter 5:
1) Coverglass charging with ion collection area: Simulation of a solar cell dielectric
charging in time for a 5V cell with ion collection area.
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Fig. 2.7: Structure of a SPIS Simulation [41]

2) Single solar cell steady state gap and coverglass current collection at selected gap
and coverglass voltages.

2.8

Summary

Using the physics and methods described in this chapter, this research has
been able to significantly contribute to the understanding of high voltage solar array
interactions with plasma and their affect on floating potential. As will be shown in
the following chapters, the LEM provides an excellent way to study the controlling
factors involved in floating potential fluctuations, and the PIC provides important
information on the how the evolution of the plasma sheath affects current collection
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to solar cells. In this way, the research performed in the current work contributes the
the rich history of solar array interactions research.
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CHAPTER 3

OBSERVATIONS OF NEW FLOATING POTENTIAL TRANSIENTS

3.1

Introduction

The unshunt transient events observed starting in 2010 are the result of solar
array operations in sunlit conditions. This has been shown by comparing FPMU data
with the ISS systems data [42, 43]. Existing models do not replicate these complex
variations. This chapter illustrates some of the floating potential transients observed
over the past few years along with the relevant space environment parameters and
solar array operations data.

3.2

Event observations

The unshunt transient events have a rise in negative spacecraft floating potential on a timescale of milliseconds followed by a fall in spacecraft floating potential
on a timescale of tens of milliseconds. The transients appear when solar arrays are
unshunted in full sunlight, which means the voltage on the arrays immediately rises
to 160 V, rather than rising at a slower rate typical of a normal eclipse exit. Unshunting an array in full sunlight rarely occurs, but it does happen during off-nominal
operations and solar array anomalies. Fig. 3.1 illustrates a series of unshunt transient
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events. The arrays were held in a shunted state until in full sunlight and then commanded to unshunt. The result was a series of large transients, one for each array.
The transients are large, approaching -100 V in some cases, and quickly fall to the
background charging level. In this figure, panel a) shows the floating potential as
measured by the FPMU FPP with a close-up view of the transients. There is one
transient for each array as it is commanded to unshunt. Panel b) shows the percentage of ISS solar cell strings that are unshunted. In this case the strings are all held
shunted until well into sunlight, and then they are all unshunted. When a string is
unshunted in sunlight in sun-tracking mode there is approximately 160 V between
its positive and negative terminals. Panel c) shows the projected area in the ram
direction as a percentage of total array area. Panel d) displays the plasma density as
measured by the FPMU WLP, and panel e) shows geographic latitude from Satellite
Tool Kit (STK). In all panels, the gray shading indicates eclipse, and white indicates
sunlight.
Fig. 3.2 illustrates the same type of transient as observed when one entire
array was shunted as the ISS entered sunlight. Initially, positively oriented transients
were observed. Approximately five minutes into sunlight, the array was unshunted,
which resulted in a large negative transient. The array was again shunted, which had
little effect on the floating potential.
Fig. 3.3 illustrates a series of automatic shunting and unshunting of the array,
which occurred due to an anomaly on one of the solar arrays. A series of negative
transients were observed during the array unshunt events. A close-up view of a portion
of the transients is shown.
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Fig. 3.1: Floating potential (FP) transients on July 26, 2010. Panel a) shows the
floating potential as measured by the FPMU FPP. Panel b) shows the percentage of
ISS solar cell strings that are unshunted. Panel c) shows the projected area in the ram
direction as a percentage of total array area. Panel d) displays the plasma density as
measured by the FPMU WLP, and panel e) shows geographic latitude from STK.
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Fig. 3.2: Floating potential (FP) Transients on May 10th, 2013 when one entire
array was shunted as the ISS entered sunlight. Panel a) shows the floating potential
as measured by the FPMU FPP. Panel b) shows the percentage of ISS solar cell
strings that are unshunted. Panel c) shows the projected area in the ram direction as
a percentage of total array area. Panel d) displays the plasma density as measured
by the FPMU WLP, and panel e) shows geographic latitude from STK.
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Fig. 3.3: A series of floating potential (FP) transients on June 10th, 2014 occurring
due to anomalous array unshunting during sunlight. Panel a) shows the floating
potential as measured by the FPMU FPP. Panel b) shows the percentage of ISS solar
cell strings that are unshunted. Panel c) shows the projected area in the ram direction
as a percentage of total array area. Panel d) displays the plasma density as measured
by the FPMU WLP, and panel e) shows geographic latitude from STK.
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Fig. 3.4: Comparison of RCE data taken on June 8th, 2016 with output from a
typical RCE model.

In order to determine if these new transients could be reproduced by the existing RCE models, the transient conditions were applied to a current balance model
similar to the previous models used to simulate the RCEs [7, 9]. The potential barrier development is accounted for by making the total current attributed to electron
collection time dependent according to the average charging time of the coverglass.
As shown in Fig. 3.4 the model is able to replicate an RCE. It matches well in both
amplitude and duration, especially considering the fact that the model does not incorporate array regulation, magnetic induction, or array orientation, all effects that
are present in the real data.
However, as shown in Fig. 3.5, when the transient conditions are applied to
this same model, it fails to reproduce the data, both in magnitude and duration. The
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Fig. 3.5: Comparison of transient data taken on July 26, 2010 with output from a
typical RCE model.

simplified current balance model does not reproduce the transients because it does
not account for the temporal evolution of the potential structure on the individual
solar cells. In other words, the potential structure time dependency is more complex
than accounting for an average potential barrier development time.

3.3

Summary

This research focuses on understanding and modeling the unshunt transient
charging. These events may be the result of more electrons being collected as the
dielectrics on the solar cells charge, but existing models do not account for this timedependent collection. The model developed in this work incorporates more detailed
models of the solar cells and allows the dielectrics to charge independently as charge is
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collected to the surfaces. This new model also incorporates parameters for ram angle,
number of active arrays, and array turn on time, which are all important factors in
the transient events.
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CHAPTER 4

LUMPED ELEMENT MODEL OF THE SPACECRAFT-PLASMA
SYSTEM

4.1

Introduction

A LEM, which simplifies a large, complex system into discrete circuit elements,
is a good way to study the plasma interactions of the system. The models developed
previously to study the RCEs cannot reproduce the recently observed larger transients
presented in Chapter 3 because they do not include enough fidelity to properly account
for the temporal evolution of the plasma sheath and associated current collection. A
new model is needed which accounts for these details, and an initial validation of the
model can be performed using FPMU data [44]. This LEM incorporates the capacitor
model [34], described in Chapter 2, for the dielectric surfaces into the electric current
balance equations. It calculates the current collection and dielectric charging of each
of 400 solar cells on one string and combines this current with the current calculated
for the ISS structure. Additionally, this new model allows for ISS system settings
such as ram angle, number of active arrays, and array turn-on time, all of which are
important factors for simulating the transient events. The electric current balance
equations are solved iteratively in order to determine the floating potential at each
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time step. Using these methods, this new model is able to simulate the behavior of
not only the RCEs, but also of the large transients.

4.2

Lumped Element Model Description

The ISS has eight Solar Array Wings (SAW). There are 82 stings of 400 solar
cells on each wing [22]. Each solar cell is approximately 8 cm × 8 cm and is covered
with coverglass that is slightly larger. The cells are placed approximately 0.08 cm
apart on top of a Kapton substrate. The solar cells were designed with wrap through
metalization, so the metal contacts and traces are not exposed, but are fully encapsulated by the coverglass on the top of the cell and the Kapton substrate between and
on the bottom of the cells. The sides of the silicon solar cells are exposed underneath
the coverglass. Portions of the ISS frame are anodized, resulting in another dielectric
surface exposed to the space plasma. The model reduces the ISS plasma interactions
into the following elements: solar cells, anodized structure, and conductive structure.
All structures include a capacitor representing the plasma sheath and a plasma current source. The dielectric structures further include a capacitor for the dielectric
surface. The solar cell models include components for the coverglass, gaps between
the cells, and Kapton that is on the back of the cells.
A schematic of the model is shown in Fig. 4.1. Vf is the floating potential
of the ISS structure. CSS , CSA , CSG , CSCG , and CSK are capacitors representing
the plasma sheath for the bare structure, anodized structure, solar cell gap, solar cell
coverglass, and Kapton, respectively. CA is the capacitor representing the anodized
coating on the ISS structure, CCG is the capacitor representing the solar cell cover50

Fig. 4.1: Representation of the proposed LEM, which is used to solve for the floating
potential [44].

glass, and CK is the capacitor representing the Kapton. IS and IA are the plasma
currents to the bare structure and anodized structure. IGj , ICGj , and IKj are the
plasma currents to jth solar cell gap, coverglass, and Kapton, respectively. Vcell is the
voltage produced by one cell.
The electric current balance equation to be solved is:

0 = ICSS + IS + ICSA + IA − ICSG
(4.1)
− IG − ICSCG − ICG − ICSK − IK

In this equation, ICG , IG , and IK are the sum of the plasma currents to each
solar cell coverglass, gap, and Kapton. ICSS , ICSA , ICSG , ICSCG , and ICSK are the currents associated with the sheath capacitances. Additionally, the following equations
are required:
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CA

CCGj

dVAc
= ICSA + IA
dt

c
dVCG
j

CKj

dt
dVKc j
dt

(4.2)

= ICSCGj + ICGj

(4.3)

= ICSKj + IKj

(4.4)

c
VAc is the voltage drop across the anodized coating and VCG
and VKc j are the
j

voltage drops across the surfaces of the jth coverglass and Kapton. Now, the equations
to be solved are:


dVAc
dVf
= CSA −
+ IA + IS
CStotal
dt
dt




c
d Vcellj − VCG
j
− Σj CSCG
+ ICGj 
dt


dVgapj
+ IGj
− Σj CSG
dt




d Vcellj − VKc j
− Σj CSK
+ IKj 
dt

(4.5)

dVAc
dVf
(CA + CSA )
= −CSA
+ IA
dt
dt

CCGj

c
 dVCG
j
+ CSCG
= CSCG
dt

52

d Vf + Vcellj
dt

(4.6)

!
+ ICGj
(4.7)

CK j

 dVKc j
+ CSK
= CSK
dt

d Vf + Vcellj
dt

!
+ IKj
(4.8)

The full derivation is included in Appendix A. CStotal is the sum of the sheath
capacitances. These equations are solved iteratively using the relaxation method [45].
The initial guess for each of the derivatives is the value from the previous time step.
This method converges quickly to a solution in less than ten iterations per time
step. Once convergence is reached the new surface voltages are calculated using the
solutions for the derivatives and the simulation moves on to the next time step.
The plasma currents in the above equations are attributed to the motion of
both ions and electrons as follows, where the subscript “i” refers to ions, and the
subscript “e” refers to electrons.

IS = IiS − IeS
IA = IiA − IeA
IGj = IeGj − IiGj
ICGj = IeCGj − IiCGj
IKj = IeKj − IiKj
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(4.9)

4.3

Plasma Current Models

Only the surfaces that are expected to make the greatest contribution are
included in the current collection. These surfaces are the bare structure, anodized
structure, solar array dielectric surfaces, and solar cell gaps. Previous studies [7, 9]
indicate that plasma currents to ISS surfaces can be estimated using traditional probe
theory [31]. This LEM applies the probe theory models, with the exception of the
steady-state gap current which uses the expression derived in reference [10]. The
current-limiting properties of the Earth’s magnetic field are not included in the LEM
because, as mentioned in Chapter 2, the current-limiting properties for non-spherical
surfaces are not well developed at this time [30] [31]. It is expected that the presence
of the Earth’s magnetic field could reduce the amount of current collection to the
surfaces depending on the orientation of the surface with respect to the field lines.
The ISS travels at approximately 7.7 km/s, so the currents attributed to ram ion
collection are much larger than the current attributed to thermal motion of ions.
This allows the simplification to only use ram ion currents in the simulation when
the surface voltages are negative. The resulting current model used in the LEM is as
follows:
β

−Vs
Vs
− Jram e TeVi
J = Jeo 1 +
TeVe

Vs ≥ 0

−|Vs |

J = Jeo e TeVe − Jram
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Vs < 0

(4.10)

Fig. 4.2: Illustration of the simulation flow using the proposed LEM [44].

Where Jeo is the one-sided thermal electron current density, Jram is the current
density due to ram ions. Vs is the voltage of the surface, TeVe is the kinetic energy
of the plasma electrons in eV, and TeVi is the kinetic energy of the plasma ions in
eV. The constant β is set to zero for the flat plate model, 0.5 for the cylinder orbit
motion limited model, and 1.0 of the spherical orbit motion limited model.

4.4

Simulation

The simulation, illustrated in Fig. 4.2, proceeds as follows:
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4.4.1

Initialization
The initial conditions are set to zero applied voltage and zero voltage drop

across dielectric surfaces. The floating potential is calculated for this steady-state
condition, which represents the eclipse charging state.

4.4.2

Array Turn On
The time dependent behavior of the array turn on time is not known due to

the limited availability of solar array data on a small time scale. The activation of a
solar array string is simulated in this LEM by increasing the voltage across one string
of 400 cells using an exponential function:



Vstring = 160 1 − e

−t
to



(4.11)

The voltage of the jth cell is calculated by dividing the total voltage across the
string by the total number of cells and multiplying by j:

Vcellj = j

4.4.3

Vstring
400

(4.12)

Surface Voltage Calculation
There are five surface voltages to be calculated are the voltage of the anodized

surface, VsA , the bare structure, VsS , the coverglass and Kapton surfaces, VsCG and
VsK , and the solar cell gap surfaces, Vgap . The voltage of the bare structure is set
equal to the floating potential. Induced motional electromotive force is neglected,
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which could result in a ±15 Volt difference in voltage for the structure distributed
along the truss, which is the longest part of the ISS [23].
VAs is calculated by adding the voltage across the dielectric to the floating
potential:

VAs = Vf + VAc

(4.13)

The voltage on the surface of the coverglass for the jth cell is calculated by
adding the floating potential to the voltage of the cell and subtracting the voltage
across the coverglass:

s
c
VCG
= Vf + Vcellj − VCG
j
j

(4.14)

The Kapton surface voltages are calculated in the same fashion:

VKs j = Vf + Vcellj − VKc j

(4.15)

The effective gap voltage of the jth cell is calculated as a function of the cell
and coverglass voltages [10]:

s
Vgapj = 0.00969Vcellj + 0.926VCG
j
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(4.16)

4.4.4

Plasma Current Calculation
The plasma currents are calculated using the electric current collection models

described in section 4.3 and the surface voltages calculated in section 4.4.3. This is
performed for the bare structure, anodized structure, solar array dielectric surfaces,
and solar cell gaps

4.4.5

Equation Solver
The derivative of the floating potential with respect to time is set to the

value from the previous time step as the initial guess in the iterations used to solve
equations 4.5, 4.6, 4.7, and 4.8. Using this initial guess and the currents from section
4.4.4, the derivatives of the voltage across the dielectric surfaces with respect to time
are calculated. The following equations, which are derived from equations 4.6, 4.7,
and 4.8 are used:



1
dVf
dVAc
=
−CSA
+ IA
dt
CA + CSA
dt

c
dVCG
j

dt

"
1
CSCG
=
CCG + CSCG

d Vf + Vcellj
dt

(4.17)

!

#
+ ICGj
(4.18)

"
1
=
CSK
dt
CK + CSK

dVKc j

d Vf + Vcellj
dt

!

#
+ IKj
(4.19)
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These time derivatives along with the currents from section 4.4.4 are used to
calculate the new time derivative of the floating potential using the following equation,
which is derived from equation 4.5:




dVAc
CSA −
+ IA + IS
dt



c
d Vcellj − VCGj
− Σj CSCG
+ ICGj 
dt


dVgapj
− Σj CSG
+ IGj
dt




c
d Vcellj − VKj
−Σj CSK
+ IKj 
dt

dVf
1
=
dt
CStotal


4.4.6

(4.20)

Error Check
The new time derivative of the floating potential calculated in section 4.4.5 is

now put back in to equations 4.17, 4.18, and 4.19 and the errors, A , CG , and K are
calculated using the expression below where d is replaced with A, CG, or K for the
anodized surface, coverglass, and Kapton dielectrics, respectively:

d =

dVdc
dt



−
new c 
dVd
dt



dVdc
dt


old

(4.21)

new

If any of the errors are larger than 0.0001, another iteration is performed.
Once the solution converges, the final step can be performed.
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4.4.7

Dielectric Charging Calculation
The floating potential and voltages across the dielectric surfaces are calculated

using the time derivatives calculated in section 4.4.5 and the voltages are incremented
using the following expression:

Vft = Vft−dt +

dVf
dt
dt

(4.22)

VAct = VAct−dt +

dVAc
dt
dt

(4.23)

c
c
VCG
= VCG
+
t
t−dt

VKc t

4.4.8

=

VKc t−dt

c
dVCG
dt
dt

dVKc
dt
+
dt

(4.24)

(4.25)

Estimation of parameters
The LEM requires inputs related to the plasma characteristics, solar arrays,

and material properties. Plasma density and electron temperature can be taken
directly from FPMU data. Ion temperature can be approximated using data from
the International Reference Ionosphere (IRI). The plasma parameters for the transient
case shown in Fig. 3.1 are shown in Table 4.1.
Inputs for the design and operation of the ISS solar arrays are also required in
the LEM. These inputs can be found in ISS systems data and design documentation.
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Table 4.1: Plasma Parameters
Plasma Characteristic
density (#/m3 )
electron temperature (eV )
electron mass (kg)
ion temperature (eV )
ion mass (kg)

Value
5E10
0.13
9.1094E-31
0.07
2.656E-26 (Oxygen)

Table 4.2: Solar Array Properties
Solar Array
number of active arrays
number of inactive arrays
strings per array
cells per string
cell area (m2 )
gap width (m)
percent of ram

Value
1
7
82
400
.0064
.000813 [10]
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The ISS systems parameters for the transient case shown in Fig. 3.1 are given in
Table 4.2.
There are still several inputs that must be estimated. The dielectric capacitances, array turn on time, and wake plasma density are all estimated based on design
information and previous studies. Testing performed on ISS solar cells demonstrated
that the response time of the cells to sunlight is on the order of microseconds [46].
There is also the rise time related to the transit of ISS into sunlight which should be
considered. However, for the transients, the turn on time is assumed to be on the
order of microseconds because the arrays are unshunted after the ISS is already in
full sunlight.
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There are many materials to consider in the estimation of the capacitances of
the anodized coating and front and back of the solar cells and some of the electrical
properties are unknown. The solar cell contains several layers in addition to the Kapton and coverglass, such as dielectric coatings and adhesives. This model incorporates
a simplified model for the solar cell, including only the coverglass and Kapton layers.
The adhesives are included in the thickness, but are given the dielectric properties of
the coverglass and Kapton.
A study on capacitance of the anodized coatings on the ISS [47] is used to
estimate the capacitance for the model. According to this study, there are three
types of anodized coatings on the ISS. Most are chromic acid anodized, but many
are also sulfuric acid anodized or painted. The thickness of each of these types of
anodization is different and the relative dielectric constant is expected to be close to
five. The surfaces can be broadly categorized as follows: truss segments, modules,
and the Russian segment. The thickness stated for the modules is 1.3 microns, for the
truss is 15 microns, and for the Russian segment is 125 microns. This simulation uses
the properties of the truss anodization for the capacitance. The amount of surface
area in the existing configuration of the ISS is unknown, and the area varies greatly
in shape and orientation. Since the size and shape of the ion collection areas are
unknown, the value will be determined parametrically. The material parameters are
summarized in Table 4.3.
According to previous studies [48], the wake density is expected to be at least
two orders of magnitude lower than ram density. The electric current collection on
the portions of the ISS structure surfaces in the wake is therefore neglected for this
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Table 4.3: Material Properties
Material
coverglass
kapton
anodized coating

Relative Dielectric Constant Thickness (mm)
3.8
0.179
3.4
0.089
5.0
0.015

simulation. For the solar arrays, however, the back side of the array is not neglected
because the back side is not always in the wake due to the rotation of the arrays. This
simulation allows the current collection to the backside of the array to vary based on
the angle of the array to the ram direction.

4.5

Results

Output from the model is shown in Fig. ??. The figure shows the LEM output
under transient conditions using a beta of 0.0 and 0.5, along with an ISS anodized
structure area of 400 meters2 and a non-anodized structure area of 100 meters2 . The
results show that the magnitude of the charging peak increases with a larger beta.
This demonstrates the importance of having an accurate current collection model.
The simulation was run with three different dielectric ram ion collection areas
in order to demonstrate the sensitivity of the model to these values. The results are
shown in Fig. 4.4. For these types of events, lower ion collections areas result in
longer relaxation times demonstrating the importance of an accurate ion collection
model.
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Fig. 4.3: Output of the proposed LEM for transient conditions comparing beta of
0.0 with with a beta of 0.5 [44].

4.6

Summary

The preliminary model and simulation technique presented here successfully
mimics the behaviour of unshunting a solar array in full sunlight. This new model
achieved this outcome by incorporating the dielectric charging physics and allowing
for the independent charging of each solar cell on a string. The results of using
the LEM show that the current collection model to the solar array surfaces and ISS
structures is a key factor in the results. Chapter 5 describes the research performed
in order to understand the current collection to the solar arrays surfaces based on
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Fig. 4.4: Output of the proposed LEM for transient conditions for three anodized
surface area values: 200 m2 , 400 m2 , and 600 m2 [44].

PIC simulation and Chapter 6 shows the results of incorporating the current models
into this LEM.
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CHAPTER 5

PARTICLE IN CELL SIMULATION OF UNIT SOLAR CELL

5.1

Introduction

The ISS surfaces are a complex mixture of dielectrics and conductors, some
of which collect primarily electrons, and some are dominated by ion collection. The
collection areas for ions and electrons vary with the floating potential of the structure.
The LEM described in Chapter 4 requires a current collection model for the solar
cells as one of its inputs. Therefore, it is important to study the current collection
properties of the solar cells in more detail. The evolution of the potential structure of
the solar cell surfaces is complicated by checkerboard-type pattern of the coverglass
dielectric surfaces and the gaps between the cells, which allow exposure to the silicon
below the coverglass. An additional complexity is that as the coverglass surfaces
collect charges, this potential structure changes, which in turn changes the particle
collection to the coverglass surfaces and gaps. A PIC simulation of a unit solar cell is
used to study the temporal evolution of the plasma potential and current collection
to the solar cell surfaces. The simulations and results are described in this chapter.
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5.2

PIC Simulations

The PIC simulations used to study the current collection to the solar cell
surfaces have been developed strategically to provide information on the charge collection characteristics of the dielectric/gap pattern and information on the influence
of ion collection area (negative surfaces) on the time dependent potential structure
development.
Specially, two types of simulations have been performed, which together provide a good understanding of the processes taking place. The simulations performed
are as follows:
1) Coverglass charging with ion collection area: Simulation of a solar cell dielectric
charging in time for a 5V cell with ion collection area.
2) Single solar cell steady state gap and coverglass current collection at selected gap
and coverglass voltages.

The reason for two types of simulations is because the simulation time increases with the number of elements in the model and with the type of calculation
being performed. The simulation uses matrix methods to solve both the Poisson
Equation for the potential in the volume and the circuit equation for each surface
element. The first type of simulation requires both the circuit solver and the Poisson
solver be executed, while the second type only requires the Poisson solver. The simulation of the solar cell with ion collection area allows for the observation of how the
ion collection area influences the floating potential of the system and therefore the
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potential structure and current collection of the solar cells in time. The single solar
cell simulation allows for detailed observation and calculation of current collection to
the gap and coverglass at specific points in time, which can be pieced together to
represent the evolution of the current collection.

5.3

Plasma Simulation Parameters

The simulations are performed using plasma parameters representative of the
plasma conditions during the transient events recorded on July 26, 2010. The plasma
density is set to 5E10 particles per m3 and the plasma temperature is 0.13 eV. The
arrays during these events were almost parallel to the ram velocity, so the ram velocity
is set to zero in the PIC simulation. The magnetic field is set to zero for these
simulations. It is known that the Earth’s magnetic field can reduce current collection
to surfaces, however, as discussed in Chapter 2, the models are not well developed.
More details on the setup of the simulation are recorded in Appendix B.
There are four time steps which must be defined for the simulation as described
in Chapter 2. They are the population time step for electrons, population time step
for ions, plasma time step, and the simulation time step. The population time step,
dtpop , is calculated using the following equation as a simple approximation to ensure
the particles do not transverse more than one element during a time step:
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P articleKineticEnergy = kT + qV
1 2
kT = mvth
2
r
2kT
vth =
m
1 2
qV = mvacc
2
r
2qV
vacc =
m
dx
dtpop =
(vth + vacc )

(5.1)

In this calculation, k is the Boltzmann constant, T is the temperature of the
particle in Kelvin, m is the mass of the particle in kilograms, vth is the thermal velocity
of the particle in meters/second, vacc is the velocity of the particle accelerated by the
applied potential, V , and dx is the length of the smallest grid cell in meters. For
electrons, the population time step is on the order of 1E-11 seconds, and for Oxygen
ions it is on the order of 1E-9 seconds.
The plasma time step, dtplasma , is defined by the plasma frequency such that
the time step is smaller than the plasma period. It is over this time step that the
Poisson equation is solved using the particle positions. The time step must be smaller
than a plasma period so that the particles do not complete more than one oscillation
in a time step. The maximum time step is derived as follows, where ωe is the plasma
frequency, ne is the plasma density, and me is the electron mass :
s
ωe =
dtplasma =
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ne e2
o me

2π
ωe

(5.2)

This results in a maximum time step on the order of 1E-7 seconds. In order
to ensure stability, a value of 1E-8 seconds is used in the simulations.
The final time step to be defined is the simulation time step. This is the time
step at which the dielectric charging and surface voltages are calculated based on the
particles that have been collected on the surfaces. The charging calculation takes by
far the most time to complete, so it is beneficial to maximize simulation time step,
however if the time step is too large the simulation will become unstable. For these
simulations, the simulation time step is set as the same as the plasma time step.
The time steps and plasma parameters described above are used in all of
the simulations. There are also some simulation specific parameters which will be
discussed in following sections.

5.4

Coverglass Charging Simulation

The first PIC simulation was performed in order to demonstrate how the charging of the dielectrics develop in time when electrically connected to a conductive ion
collection area. The simulation space and applied cell voltage must be small for this
simulation so that calculations can be performed in a reasonable amount of time. The
simulation still provides valuable information on the time dependent response of the
dielectric and conductive surfaces.
The model, shown in Fig. 5.1, includes a 4cm × 4cm × 1mm cell, with a
gap through the middle. The cell is covered by coverglass on the top and Kapton on
the sides and bottom. It also includes a 10cm × 20cm × 1mm conductor, which is
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Fig. 5.1: Model of a system consisting of a large conductive area and a small dielectric
covered area representative of a solar cell. The solar cell is 4 cm × 4 cm × 0.1 cm
with a 0.08 cm gap through the middle. The conductive area is 10 cm × 20 cm × 0.1
cm. The simulation volume is 36 cm × 30 cm × 20 cm.

electrically connected to the cell through a 5V source (not shown). The simulation
volume is 36cm × 30cm × 20cm.
At the beginning of the simulation, the conductor is set to 0 V and the coverglass surface is set to 5 V in order to simulate the initial, uncharged, coverglass
state. The system is allowed to float electrically and the surface charging calculation
is enabled in SPIS.
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The results of the simulation are shown in Fig. 5.2, with a closeup of the first
30 microseconds shown in Fig. 5.3. In the figure “cg surface” is the coverglass surface,
“kap surface” is the Kapton surface, “conductor” is the ion collection area and ground
of the floating system, and “cell” is the solar cell underneath the coverglass. As the
simulation develops in time, the potential of the exposed conductor is quickly driven
to a negative value due to the electrons being collected to the coverglass and gap
surfaces. Once it drops to a maximum negative potential of -4.95V the system is in
a steady-state, with a net current collection of zero. However, even in the net zero
current condition, negative current is still collecting to the coverglass and positive
current is collecting to the conductor. The negative current continues to charge the
coverglass as is demonstrated by panel 2 showing the increase in the voltage between
the cell and the coverglass surface. The simulation ran for 6 weeks, representing a
real time of almost 10 milliseconds.
This simulation demonstrates the following important processes for the charging of the coverglass for a floating solar cell:
1) The voltage of the uncharged coverglass initially falls rapidly, on a scale of microseconds, with the solar cell voltage and conductor voltage as a relatively large
net electron current is collected to the coverglass surface. This fall will continue
until the surface voltages reach a value such that a steady-state current collection
is attained, in which an equal number of ions and electrons are collected to the
system
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Fig. 5.2: Simulation of a system consisting of a large conductive area and a small
dielectric covered area biased to 5V with respect to the conductor. The solar cell is
4 cm × 4 cm × 0.1 cm with a 0.08 cm gap through the middle. The conductive area
is 10 cm × 20 cm × 0.1 cm.

2) After the steady state is reached, the coverglass will continue to slowly charge as
electrons collect on the surface, resulting in the reduction of the coverglass surface
voltage. As the coverglass charges, the dielectric polarization current is reduced,
and the cell voltage will start to rise slowly toward its initial value due to the ion
collection on the conductor.
3) For a voltage of 5 V and an ion collection area approximately 13 times that of the
electron collection area, the charging time is approximately 10 ms.
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Fig. 5.3: The first 30 microseconds of the simulation of a system consisting of a large
conductive area and a small dielectric covered area biased to 5 V with respect to the
conductor. The solar cell is 4 cm × 4 cm × 0.1 cm with a 0.08 cm gap through the
middle. The conductive area is 10 cm × 20 cm × 0.1 cm.

For a full solar array string, there are 400 cells with 160 V across them. The
total solar cell area is approximately 202 m2 . In the case of the transients, only one
array is active and the others will be at an electric potential approximately equal to
the floating potential of the ISS. This means that they will contribute to ion collection.
A typical fall of around 80V will result in half of the cells of the active array being
positive and half negative. Only including the array area, this means that the ion
collection area is initially approximately 15 times that of the electron area, but will
quickly start to decrease as the coverglass charges and more of the cells return to
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a positive value. The half of the active array that remains positive will follow a
signature like the one in the PIC simulation shown in Fig. 5.2.
The qualitative results of this simulation are consistent with that of the LEM
and with the FPMU data in that there is initially a large drop in voltage followed
by a slow rise as the dielectric charges. Due to limitations in time and memory, this
type of simulation quickly becomes untenable as a method to develop quantitative
results that can be used to determine current collection characteristics for all of the
perturbations present in the ISS system. Therefore, the second type of simulation
was performed in order to get quantitative information on the current collection to
the solar cell surfaces and gaps.

5.5

Current Collection Simulation

A more detailed model is required in order to study the evolution of the potential barrier that develops over the coverglass and how it influences the current
collection to the gap. These simulations are set up to represent specific instances in
time with the appropriate cell and coverglass voltages, and the current collection is
simulated. This allows the simulations to be performed without the charging calculation portion of SPIS, which significantly reduces the computer memory and time
required. The results of these simulations can be used to quantitatively evaluate the
current collection to the solar cell gaps and coverglass.
This model, shown in Fig. 5.4, includes two half-sized solar cells with the gap
in between them. The two cells are 4cm wide by 8 cm long and the gap is 0.08 cm
wide. The computational volume is a sphere of radius equal to 17 cm. The meshing
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Fig. 5.4: Model of a solar cell with gap for PIC simulations. The solar cell is dark
green, the gap is blue, and the computational volume is light green. The computational volume is a sphere of radius equal to 17 cm.

for this model is very fine near the gap at 0.01 cm, so that the detailed structure of
the potential can be observed.
The first simulation is performed at the expected steady-state condition as
done in [10]. The steady-state condition is defined as the point at which the coverglass
has reached a potential with respect to the undisturbed plasma such that the current
collection to the coverglass is zero. The expected steady-state coverglass voltage is
calculated using the equations in Chapter 2. For the plasma parameters used in the
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Fig. 5.5: Steady-state plasma potentials with the coverglass at -0.66 V and the solar
cells at 40 V, 80 V, and 120 V.

PIC simulation, the steady-state voltage is expected to be -0.66 V. Simulations were
performed with cell voltages set to 40 V, 80 V, and 120 V. The simulation results,
shown in Fig. 5.5, illustrate the barrier formation clearly, where the potential over
the gap drops to a negative value before climbing back up to zero.
The barrier potential is defined as the maximum negative potential along the
trajectory extending from the center of the gap. Line-out plots of the plasma voltage
starting at the gap surface and extending into the plasma for each of the cells are
shown in Fig. 5.6.
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Fig. 5.6: Barrier formation for cell voltages of 40 V, 80 V, and 120V, with the
coverglass voltage set to -0.66 V.

Table 5.1: PIC Results for Steady-state
Cell Voltage (V) Barrier Location (m) Barrier Voltage (V) Gap Current (nA)
40
0.001
-0.47
-0.39
80
0.002
-0.42
-1.02
120
0.003
-0.39
-1.68
The location of the barriers, value of the barrier, and gap current collection
are summarized in Table 5.1, for different cell voltages. As expected, the larger cell
voltages result in a smaller barrier, which allows for more current collection to the
gap when the coverglass is fully charged.
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Additional simulations were performed for cell voltages of 80 V and 120 V at
coverglass voltages that would be present during the transient events. Specifically,
voltages in the range of -0.66 V up to 1.0 V were simulated. The results for the 120
V cell are illustrated in Fig. 5.7.
When the coverglass is positive, there is no barrier to electron collection. As
the coverglass becomes negative, the barrier forms becoming more negative and compact as the voltage decreases. Figure 5.8 shows line-out plots of voltage starting at
the gap surface and extending into the plasma for coverglass voltages of -0.66 V, -0.36
V, 0.0 V, and 0.36 V. A barrier of -0.39 V is present at 0.003 meters from the gap
when the coverglass is -0.66 V, and a barrier of -0.18 V is present at 0.002 meters from
the gap when the coverglass is -0.36 V. As the barrier becomes more negative, this
limits the electron collection to the gap to those that have sufficient energy overcome
the barrier causing a reduction in the negative current collection.
The current collection to the coverglass surfaces and gaps for all simulations
are reported in Tables 5.2 and 5.3. The results show that the gap voltage has an
insignificant effect on the coverglass current. However, the coverglass voltage and
gap voltage have a large effect on the gap current.

5.6

Summary

Three conclusions can be drawn from the PIC simulations performed:
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Fig. 5.7: Evolution of plasma potential near solar cell gap. Coverglass voltages of
-0.66 V, -0.36 V, 0.0 V, 0.36 V, and 0.66 V are shown for a 120 V solar cell.
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Fig. 5.8: Plasma sheath potential structure above the center of the solar cell gap.
The potential structure above the gap for coverglass voltages of -0.66 V, -0.36 V, 0.0
V, and 0.36 V are shown for a 120 V solar cell.

Table 5.2: PIC Results for 80 V Solar Cell
Coverglass Voltage (Volts) Coverglass Current (nA) Gap Current (nA)
-0.66
59.39
-1.02
-0.36
-150.62
-8.64
-0.06
-1888.61
-46.8
0.0
-2930.04
-63.71
0.06
-3885.51
-69.93
0.36
-7638.52
-92.92
0.66
-10742.6
-101.40
1.0
-14578.94
-111.86
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Table 5.3: PIC Results for 120 V Solar Cell
Coverglass Voltage (Volts) Coverglass Current (nA) Gap Current (nA)
-0.66
59.65
-1.68
-0.36
-152.44
-12.86
-0.06
-1885.43
-61.25
0.0
-2891.22
-75.85
0.06
-3912.42
-90.64
0.36
-7699.29
-119.79
0.66
-10801.94
-129.87
1.0
-14582.95
-144.59
1) The coverglass voltage provides significant screening of the high gap potentials
once the coverglass is charged to its steady-state value. In general the current
collected to the gap is highly dependent on the coverglass surface voltage.
2) Higher solar cell voltages result in higher negative gap current collection.
3) Solar cell voltage has an insignificant effect on the current collection to the coverglass.

The trends shown in these results are consistent with the current collection
models used in the LEM. More importantly, the PIC simulations provide valuable
quantitative results on the current collection to the gaps and coverglass that can be
used to determine the best current models to use in the LEM.
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CHAPTER 6

COMPARISON OF LEM, PIC, AND FPMU DATA

6.1

Introduction

One of the challenges of LEMs for spacecraft charging calculations is the determination of the appropriate current models to use for current collection to the
various spacecraft surfaces. The goal is to keep the models simple enough for the
simulation to proceed in a reasonable amount of time to support parametric studies.
The trends shown in the PIC simulation results of Chapter 5 are consistent with
the current collection models used in the LEMs, but a quantitative comparison has
not been previously available. The results from PIC simulations can now be used
to determine an appropriate current model for use in the LEM, and a preliminary
validation of the LEM with the new current model can be performed using FPMU
data. In this chapter, the results of the PIC simulation are compared to traditional
probe current models to determine an appropriate model for the LEM, the results
of the LEM using the current model are compared to FPMU data, and parametric
studies are described.
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Fig. 6.1: PIC current collection to gap compared to the proposed current collection
models with a β = 0.53 and 0.5 for an 120 V cell.

6.2

Comparison of PIC results with Probe Theory

Figs. 6.1 and 6.2 show a plot of gap current versus the coverglass voltage for
an 80 V cell and a 120 V cell along with the gap current model from traditional probe
theory. The results agree well for voltages greater than zero when a β equal to 0.48
and 0.53, respectively, is used. The results are also very close to the cylindrical probe
model, which uses a β equal to 0.5. This means that the gap current collection can
be modeled well as a cylinder with equivalent area.
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Fig. 6.2: PIC current collection to gap compared to the proposed current collection
models with a β = 0.48 and 0.5 for an 80 V cell.

The cylindrical nature of the gap current collection had been predicted in
the previous RCE studies [7] due to the very small width of the gap compared to its
length. The illustration of the PIC simulation in Chapter 5 clearly shows a cylindrical
shape to the potential structure above the gap. Figure 6.3 shows an isosurface of the
unit cell at 0.36V, clearly showing a cylindrical shape. As the cell voltage decreases
the cylinder becomes more flat, which could explain the decrease in β with the smaller
voltage.
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Fig. 6.3: Isosurface of 0.36 V for the 120 V cell with a 0.36 V coverglass showing a
cylindrical surface for the gap current collection; this is equivalently represented by
a β = 0.5.

The steady-state model [10] agrees well with the PIC results for voltages less
than -0.2 V, but generates gap current that is too high as compared to the PIC
simulation for smaller negative voltages. A simple linear extrapolation between the
values of the two functions at -0.2 V and 0.2 V provides a good match while still
maintaining the simplicity of the functions.
The plot in Fig. 6.4 shows variation of the coverglass current versus the
coverglass voltage for the 80 V and 120 V solar cell. The solar cell voltage has very
little effect on the coverglass current collection. The current collection agrees well
with the probe model when a β equal to 0.7 is used. This indicates the square shape
of the solar cells results in a sheath collection surface area greater than a cylinder but
less than a sphere. A β equal to 0.7 can numerically be shown to be similar to an
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Fig. 6.4: PIC current collection to coverglass compared to current collection model
with a β = 0.7 for 80 V and 120 V cells.

oblate spheroid. As shown in Fig. 6.5, an oblate spheroid matches the shape of the
voltage contours well.

6.3

Incorporation of the Current Model into the LEM

These current models can now be used in the LEM. Output from the LEM
simulation using the current models determined from the PIC simulation is shown in
Fig. 6.6.
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Fig. 6.5: Cross section of oblate sphereoid compared to plasma voltage contours on
a unit solar cell.

Results using the conditions for another transient event are shown in Fig. 6.7.
The plasma density and temperature were again taken from FPMU data and the
array orientation was taken from ISS systems data. In this case, the density was
higher at 1.0E11 m−3 and the arrays were pointed in the ram direction. The results
show that the model displays the correct behavior for these changes by shortening
the amount of time it takes for the system to attain steady state.
The simulation was again run with three different dielectric ram ion collection
areas in order to study the sensitivity of the model to these values. The results are
shown in Fig. 6.8. For these types of events, lower ion collections areas result in
longer relaxation times.
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Fig. 6.6: Output of the LEM for transient conditions on July 26, 2010 using the new
current models.

6.4

Parametric Studies

The model can now be used to study the effects of varying the plasma and
array inputs. Parametric studies have been performed using ranges that are typical
for the ISS in LEO. These parametric studies are all based on the July 26th, 2010
event, with only the defined parameter being varied.
Fig. 6.9 shows the results for plasma densities of 3E10 m−3 , 5E10 m−3 , and
7E10 m−3 . The electron temperature is set to 0.13 eV, ion temperature is 0.07 eV,
and the projected area of the arrays in the ram direction is 30 percent. One array is
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Fig. 6.7: Output of the LEM for transient conditions on December 8th, 2014.

unshunted while the others remain shunted. As the plasma density is reduced, the
relaxation time increases. The model results indicate that the characteristics of these
events are highly dependent on the density.
Fig. 6.10 shows the effects of varying the plasma temperature. The plot shows
the results for electron temperatures of 0.06 eV, 0.13 eV, and 0.19 eV. The plasma
density is set to 5E10 m−3 , ion temperature is 60 percent of the electron temperature
to maintain consistency with the July 26th, 2010 event, and the projected area of
the arrays in the ram direction is 30 percent. One array is again unshunted while
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Fig. 6.8: Output of the LEM for transient conditions for three anodized surface area
values: 500 m2 , 700 m2 , and 900 m2 .

the others remain shunted. For these cases, it can be seen that higher temperatures
result in larger peaks and longer relaxation times.
Now, returning to the original parameters for the July 26th, 2010 event, the
effect of modifying the array turn on time is shown in Fig. 6.11. The plasma density
is 5E10 m−3 , electron temperature is 0.13 eV, ion temperature is 0.07 eV, and the
projected area of the arrays in the ram direction is 30 percent. As the turn on time
is increased, the charging profile begins to resemble that of a normal eclipse exit.
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Fig. 6.9: Results showing the effects of varying the plasma density, no , using 3E10
m−3 , 5E10 m−3 , and 7E10 m−3 .

Fig. 6.12 shows the effect of varying the array orientation with respect to the
ram direction. The figure shows a transient event with the arrays pointed at 10, 50,
and 90 percent of the ram direction. The plasma density is 5E10 m−3 , electron temperature is 0.13 eV, and the ion temperature is 0.07 eV. As the ram area percentage
increases, the magnitude and duration of the event decreases because the ram ion
current is higher.
Finally, as demonstrated in Fig. 6.13, the model is able to simulate an RCE
and normal eclipse exit event. In this case, data are taken from events on August
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Fig. 6.10: Results showing the effects of varying the plasma temperatures using 0.06
eV, 0.13 eV, and 0.19 eV.

13th, 2016. The RCE occurred during an eclipse exit with a low density of 7E9 m−3
combined with a high temperature of 0.26 eV. The normal eclipse exit event occurred
during a higher density of 5E10 m−3 and lower temperature of 0.17 eV. All eight
arrays are unshunted and an array turn on time of 2 seconds is applied to simulate
eclipse exit.
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Fig. 6.11: Results showing the effects of varying the array turn on time using 0.001s,
0.01s, and 0.1s.

6.5

Summary

The LEM along with the PIC-developed current models presented in this research successfully mimic the results of unshunting a solar array in full sunlight. The
model also successfully mimics the RCEs and normal eclipse exit charging events.
Parametric studies performed using the model show significant dependencies on the
plasma density, plasma temperature, and particle collection area, which both contribute to the current collection. The results also show that as the turn on time
increases and approaches the charging time of the solar cell dielectric surfaces (cover-
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Fig. 6.12: Results showing the effects of varying the orientation of the arrays with
respect to the ram direction using 10, 50, and 90 percent.

glass and Kapton), the charging profile becomes more sensitive to array turn on time,
which is consistent with the RCE models. This indicates that the relationship of the
charging time of the dielectrics with the rise time of the voltage on the solar array is
a defining factor in the shape of these events. If the rise time is much less than the
dielectric charging time, the charging profile will resemble the characteristics of an
unshunt transient event. If the rise time is close to, but still less than, the charging
time of the dielectrics, then the charging profile will resemble an RCE.
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Fig. 6.13: Output of the proposed LEM demonstrating the ability to simulate an
RCE and normal eclipse exit using probe data from August 13th, 2016.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1

Conclusions

This dissertation has demonstrated that the temporal evolution of the plasma
sheath surrounding solar cells plays a key role in the current collection to solar cells in
LEO. A model for the current collection to the solar cell coverglass and gaps during
transient conditions has been developed using PIC simulation of a unit solar cell.
This provides an important piece of knowledge required to understand these transient
events. A new LEM was developed in order to perform a preliminary validation of the
current models and run parametric studies to identify other key factors in modeling
the transients. This new model is able to simulate the behavior of not only the RCEs,
but also of the large transients. Previous models developed for modeling ISS floating
potential variations could not reproduce the larger transients that have been observed
in FPMU data.
The output from the LEM using the developed current collection models has
shown that electron collection to exposed high voltage surfaces can be responsible
for the transients when the temporal evolution of the potential structure surrounding
the solar cells is taken into account. The structure of the plasma sheath changes as
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the surface voltages of the dielectrics and conductors change. When the system is
uncharged, the current collection to the surfaces is large and falls as the dielectrics
begin to charge. Once the dielectrics are charged, the floating potential of the system
begins to return to a potential closer to the plasma potential. As this happens, the
sheath surrounding the gap expands, the barrier reduces and current collection to the
gaps increases.
The LEM has also been used to perform parametric and sensitivity studies
in order to understand how the plasma conditions can affect the transients and to
identify areas where more research is needed. The results of the sensitivity analysis
show that research is needed on the surface area and current collection properties of
the ISS structure. The results of the parametric studies show that the transients are
highly dependent on the plasma density, array turn on time, and material properties
of the dielectrics.

7.2

Future Work

The results of this research provide important answers to some of the questions
surrounding these transient events. It is important to continue to investigate the
remaining open questions in order to fully understand the impact of these transients
on ISS or other high voltage solar power missions. Some suggestions for continuing
research include:
1) Study of ion collection to the arrays and structure surfaces.
2) Study of the effect of magnetic field on current collection.
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3) Study the wake current collection properties.
4) Incorporate into the LEM the ability to turn individual strings and arrays
on and off independently in order to more accurately simulate the array turn-on
properties.
5) Enhance the LEM to allow for a varying magnetic field, array ram orientation,
and plasma density.
6) Study possible systems and instrumental effects that could be present.
7) Study effects of plasma sources such as ion thrusters.

Continuing research in this area will result in the ability to develop more accurate
models, prediction capability, operational controls, and design guidelines for future
missions.
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APPENDICES
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APPENDIX A

DERIVATION OF THE LEM EQUATIONS

Equation 4.1 is further manipulated in order to put it in a form that allows
for solving for Vf . The sheath currents are defined as follows:

ICSA
ICSS
ICSCGj

ICSKj

ICSGj



d (Vf + VAc )
= CSA 0 −
dt


dVf
= CSS 0 −
dt

 
c
d Vf + Vcellj − VCG
j

= CSCG 
dt

 
d Vf + Vcellj − VKc j

= CSK 
dt
!
d Vf + Vgapj
= CSG
dt

Substituting the expressions in A.1 into 4.1 results in:

101

(A.1)



d (Vf + VAc )
+ IA
0 = CSA 0 −
dt


dVf
+ CSS 0 −
+ IS
dt


 

c
d Vf + Vcellj − VCG
j
 + ICGj 
− Σj CSCG 
dt
#
"
!
d Vf + Vgapj
+ IGj
− Σj CSG
dt


 

d Vf + Vcellj − VKc j
 + IKj 
− Σj CSK 
dt

(A.2)

Moving the time derivative of the floating potential to the left side of the
equation results in:

dVf
(CSA + CSS + Σj CSCG + Σj CSG + Σj CSK )
dt


dVAc
= CSA −
+ IA + IS
dt



 
c
d Vcellj − VCG
j
 + ICGj 
− Σj CSCG 
dt




dVgapj
− Σj CSG
+ IGj
dt


 

d Vcellj − VKc j
 + IKj 
− Σj CSK 
dt

(A.3)

Assuming an approximately equal sheath capacitance per unit area, the total
sheath capacitance, CStotal , can be calculated as:
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CStotal =

0 Atotal
λd

(A.4)

Atotal = (ASA + ASS + Σj ASCG + Σj ASG + Σj ASK )

ASA , ASS , ACSG , ASG , and ASK are the areas of the anodized structure, bare
structure, solar cell coverglass, solar cell gap, and solar cell Kapton, respectively.
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APPENDIX B

PARTICLE IN CELL SIMULATION SETUP

The simulations are performed using plasma parameters representative of the
plasma conditions during the transient events recorded on July 26, 2010. The simulation parameters for time stepping and equation solving are set in order to maintain
a stable simulation. The parameters relevant to the unit solar cell simulation are
summarized in table B.1. Detailed descriptions of all settings are available in reference [49].
The meshing of the model used in the PIC simulation is driven by both the size
of the gap between the cells and the debye length of the plasma. Close to the gap, the
meshing must be smaller than the width of the gap, which is 0.08 cm. The meshing in
the volume should be less than one debyle length, which is approximately 1.0 cm, in
order to resolve the details of the plasma potential. SPIS uses the GMSH [39] software
to perform the meshing of the model, which allows for variable meshing throughout
the simulation space. The meshing is set to 0.01 cm at the gap and 0.5 cm at the
boundary of the volume. The meshing of the volume is shown in figure B.1 with a
close up of the cell mesh in figure B.2.
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Table B.1: PIC Simulation Settings
Parameter Name
avPartNbPerCell
chargeDepositDuringIntegrationFlag
electronDensity
electronDistrib
electronDt
electronDuration
electronTemperature
environmentType
ionDensity
ionDistrib
ionDt
ionDuration
ionTemperature
ionType
iterativePusherAbsTolPos
iterativePusherAbsTolVelo
iterativePusherRelTolPos
iterativePusherRelTolVelo
maxwellEnergySamplerFactor
maxwellEnergySamplerPointNb
maxwellEnergySamplerSpacing
pusherThreadNb
tolGradient
duration
plasmaDt
plasmaDuration
simulationDt
simulationDtInit
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Value
1.0
1
5.0E10
PICVolDistrib
1.0E-11
1.0E-8
0.13
BiMaxwellianEnvironment
5.0E10
PICVolDistrib
1.0E-9
1.0E-8
0.13
O+
1.0E-6
1.0E12
1.0E-4
1.0E-4
1.3
100
0.01
56
1.0E-8
1.0E-4
1.0E-8
1.0E-8
1.0E-8
1.0E-8

Fig. B.1: Meshing of the Simulation Volume

Fig. B.2: Meshing of the solar cell
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